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FOREWORD 


The University of Calcutta, established on January 24, 1857, is devoted to 
advancement of learning and is presently celebrating its Postcentenary Golden Jubilee. 
The Department of Applied Physics was established in 1925 as a Department of the 
University for the purpose of carrying out post graduate studies and research in Electrical 
Technology and allied Sciences. Since then it has produced a number of eminent teachers 
and pioneer technologists of national and international fame. 


This Department organizes various types of academic activities in order to 
unravel new technologies before professionals and students throughout the year. The 
present Conference is an example. To address some critical issues in the areas of Control 
and Instrumentation, the Department resolved to take a venture in a broader spectrum in 
which they could obtain the association of AMSE, International Association for 
Modeling and Simulation Technique in Enterprise, France, a leading professional body 
engaged in dissemination of technology throughout the globe. 


With the fast changing and compctitive global industrial environment, engineers 
in the power and process sectors are confronted with unprecedented uncertainty in 
efficient operation of an industry. Unification of control technologies and restructuring ` 
and*deregulation of power sectors have made things more complicated. Control and 
instrumentation constitute the lifeline of an industry and it is the use of state-of-the-art- 
technology in these matters that can eradicate this uncertainty. 


87/1, College Street 

Senate House 

Kolkata-700 073 

Telephone Nos. 2241-3288/0071/4984 
Fax No. 91-33-2241-3288 

E-mail : ve@calaniv.ac.in 


Embedded systems technology has attempted to add to modern control and 
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instrumentation techniques a new dimension. This technology, as a concept and in its 
numerous technological incarnations, is arguably one of the most influential 
transformations which have shaped our society in the recent past. No one can deny that it 
is gaining its relevance in every sphere of life. Rapid advances in computer and 
communication technologies have bolstered it. It is thus natural for the Department of 
Applied Physics to wish to explore the extent and diversity of developments in these 
technological arenas. 


To achieve this goal the Department has, in association with AMSE: International 
Association for Modeling and Simulation Technique in Enterprise, France, planned to 
organize this Three-Day International Conference on "Modeling And Simulation" with 
the theme "Control, Instrumentation, Embedded System Engineering and General 
Applications" during 3-5 December, 2007 at Kolkata, India. The Conference will explore 
the deep-rooted linkages between existing and emerging concerns faced by the engineers 
in these and related fields. It will try to develop appropriate strategics and decision 
making tools and create awareness of the best practices in the fields of technology, 
management and general applications. 


The Conference Proceedings, containing rich contributions from eminent experts 
in the relevant fields, aims at giving ample opportunity to the scientists, academicians, 
technologists and engincers to take stock of technological advancements in relevant 
areas, understand future trends and deliberate on other related issues of technical and 


social consequences. 


I wish the Conference all success and I am confident that the Proceedings will be 
a lasting contribution to knowledge. 


Aw Ban eog a. 


Asis Kumar Banerjee 


PREFACE ` 


With the advent of modern technologies, industries are having recourse to newer processes for 
efficient and zero breakdown running of a plant. On the other hand, power sector with its restructured 
environment has also started utilizing the advancement of technology in the different aspects of power and 
energy sectors. Control and instrumentation are the life lines of efficient operation of a plant or a system. 
Embedded systems technology combined with advanced computer and communication technologies has 
enriched’ modern control and instrumentation techniques. It is thus necessary to explore the extent and 
diversity of development in these technological arenas. 

To discuss the rapid developments in the areas of control, instrumentation and embedded system 
‘ engineering, Department of Applied Physics, University of Calcutta, India in association with AMSE, 
France and co-organised by IET, Calcutta Branch is going to organize an international conference on 
December 3-5, 2007 where speakers from all over India and abroad will present their original research 
works. 

183 research papers, authored by eminent engineers, scientists, technologists and research workers, 
Screened out from about 330 submissions, are included in this proceedings. Nine Invited Speeches, 
delivered by eminent national and international speakers, have also been included. All the papers and the 
invited speeches will be presented in 24 technical sessions and three plenary sessions. It should be 
mentioned that a number of good submissions could not be included due to space and time constrains for 
which the organizers apologize. The areas covered are, 

+ Control Theory 
, Monitoring and control of power system components 

Process control and instrumentation 

Power Quality, HVDC and FACTS Technology 

Modern Protection, Instrumentation and Control 

Electro-optic Devices and Optical Communication 

Transmission and Distribution System Automation 

Application of Artificial Intelligence, Neural Network and Fuzzy Control Techniques 
Power Electronics and Drives 

Power System Dynamics, Control and Optimization 

Electric Power Market, Deregulation and restructuring 

Power System Modeling and Simulation 

Wind Power and Other Renewable Power, DG and Interconnection 

Modern Communication for Metering, Control and Protection 

Neural networks and Genetic Algorithms 

Embedded system engineering and Expert systems 

Pattern recognition and image processing 

Knowledge based decision systems 

Application for economy, finance, sociology, medicine and others 

General application of Modeling and Simulation; Case studies and Experimental results 


The organizers have taken ail efforts to make the proceedings error free. But still some errors might 
have crept in for which they apologize in anticipation. It is hoped that the readers will enjoy these volumes. 
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Abstract—In this paper the reactive power sensitivity is proposed 
as an index for finding out the weakest load bus in a multibus 
system. P-V and P-Q curves have been plotted for finding out the 
voltage collapse point of the weakest load bus. The result is also 
verified by determining the value of determinant of Jacobian 
matrix. A method for computing voltage stability margin for the 
load buses is also proposed. Test results indicating the 
effectiveness of proposed method are presented. 


Key words—Contingency, (dV/dQ) Index, voltage collapse 
point, voltage stability margin. 


I. INTRODUCTION 


HE topic voltage stability in power system study has been 

paid great attention in recent years as the voltage collapses 

have taken place around the world. Increasing 
interconnection of power network has led to an increasingly 
complex system which has to operate close to limits of voltage 
stability. The evaluation of voltage stability limit is an 
important part of study. A number of algorithms have been 
proposed for voltage stability timit evaluation. 

Voltage collapse may be explained as inability of 
power system to supply the required reactive power or by an 
excessive absorption of reactive power by system itself [1,2]. 
Voltage collapse is characterized by a slow variation in system 
operating point; due to the increase in the load in such a way 
that the voltage magnitude gradually decreases until a sharp 
accelerated change occurs. Voltage magnitudes do not giver a 
good indication of proximity to voltage stability limit [3]. 
Some of the important voltage stability and voltage collapse 
prediction methods are: 

1. Voltage collapse index base on closely located power 

flow solution pairs [4]. 

2. Voltage collapse index based on sensitivity analysis 

[5], [6]. 

3. Voltage collapse index based on a normal load flow 

solution [1]. 

4. Minimum singular value of N-R power flow Jacobian 
matrix. 


5. Global security indicator for an equivalent power 

network [7]. 

In this paper an attempt has been made to identify first the 
weakest load bus in a power system, from the voltage stability 
point of view. dV/dQ indicator has been employed to identify 
the weakest bus. Using off line simulations, V vs. P and V vs. 
Q profiles have been plotted at the weakest bus for a typical 
25 bus — 35 line test system [14]. The critical values of power 
and voltages being obtain, determinant of Jacobian has been 
utilized to corroborate the findings. The simulation has been 
developed using FDLF method of load flow analysis and an 
attempt has been made to determine the voltage stability 
margin of the weakest bus following stipulated contingencies 
in the assumed power system. The investigation reveals that it 
is possible to identify the weakest load bus in any multibus 
network and it is possible to compute the voltage stability 
margin at that load bus using the developed technique. 


I. DETERMINATION OF VOLTAGE STABILITY USING 
SENSITIVITY INDICATOR 


The basic equation used in Newton-Raphson method is 


AP J; J, Ad E 
= (1) 
P p i ail 


But power system transmission lines have a very high X/R 
ratio; for such a system, real power change AP are less 
sensitive to change in the voltage magnitude and are most 
sensitive to the change in phase angle Ad. Similarly, reactive 
power is less sensitive to changes in phase angle and is mainly 
dependent on changes in voltage magnitudes. Therefore it is 
reasonable to set element J} and J3 of the Jacobian matrix to 
zero. Thus equation (1) becomes 


atte sled : 


Where the diagonal and off diagonal elements of J, are 
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Here equation (3) i.e. the diagonal element of J4 indicate 
the reactive power sensitivity of i-th bus. GQ/d|V, [also 
indicates the degree of weakness for the i-th bus as GQ/GV; 
[being high AV, VAQ; became low, indicating minimum charge 
in |V; | for variation in Q status of the bus. Thus 6Q/AV, [being 
higher, the degree of weakness of i-th bus becomes lesser [15]. 


Til. IDENTIFICATION OF VOLTAGE COLLAPSE POINT 


Identification of voltage collapse point is obtained using 
the conventional P-V and Q-V curves [8],[9] . A series of load 
flow (LF) simulation with successively increased load at a 
constant power factor is usually required to generate the P-V 
curve of a particular bus. However there is a critical point 

, beyond which there is no load flow solution and the load flow 
method would not converge. Such a load point represents the 
‘knee’ point of the P-V curve. The Q-V curve is also plotted 
from the results of a series of load flow simulations with the 
power of the candidate bus is kept constant. 

However, there is a minimum voltage beyond which the 
load floe algorithm will again fail to converge and it 
represents the ‘knee’ point of the Q-V curve. 

The above voltage stability problem is also analyzed 
using singularity criterion of Jacobian matrix [10], [11].The 
minimum singular value of load flow Jacobian matrix has 
been proposed as an index for quantifying proximity to the 
voltage collapse point. It is an indicator available for normal 
load flow calculations. The determinant of Jacobian is 
determined for different values of P keeping Q constant at a 
particular value and P vs. | J | graph is plotted. At a particular 
value of P, W| will have minimum value and beyond that 
magnitude of P, it is not possible to obtain |J|. This particular 
value of P is said to be the maximum real power loading limit 
for the concerned bus. Similarly increasing Q keeping P 
constant, the determinant of J is determined and Q Vs | J | is 
plotted to find the maximum reactive loading condition for 
that system. i 

Voltage stability margin (VSM) is the measure of the 
security level of the bus, if the value of VSM is high then the 
bus is more secured and vice versa. 

VSME (V w (base case) -V w (entea! value) Vw (entea vahe) 
Where .V,, is the bus voltage of the weakest bus of the 
system. - 


IV. SIMULATION 


Simulations were carried out on a 25- bus, 35- line test system 
[14]. The aim of the simulation was to compare the 
performance of the different indices used to identify the 


proximity of voltage collapse point of the weakest bus of the 
system. . 

The diagonal elements of [J4] are obtained first to find the 
weakest bus of the system 


Table I: Bus number and its corresponding dV/dQi values. 
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From this simuiation it is observed that the bus number 4 is 
the weakest bus of the system and the bus number [5 is the 
strongest bus of the system from the voltage stability point of 
view. 

Next the voltage collapse point is determined, P is 
increased keeping Q constant and P-V curve is drawn; also Q 
is increased keeping P constant and Q-V curve is drawn. The 
determinant of Jacobian for each value of P and Q is 
determined. As bellowFig.1,fig.2, fig.3 and fig 4 represent the 
corresponding curves for bus number 4.The critical values 
area . 


0.0268 


Pai=1.97 pu at V=0.6245 pu 
Qa=l.45 pu at  V=0.6289 pu 





Fig. 1, P vs. V curve of bus no.4 
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Fig.3, P vs. |i] curve of bus no.4 


Fig. 4, Q vs. [| curve of bus no.4 


Voltage stability margin (VSM) of the above case are 
VSM (P) =0.62 and VSM (Q) =0.85. 
Contingency test have been done on that particular bus by 
tripping the line connected to it and corresponding VSM is 
calculated. 


Case:-I Tripping line 5(1-4) 


Table-Il: different values of P and its corresponding 
values of V and |J]. 


1.4380e+051 
i 0431e+051 


6.6385e+051 
3 0436e+051 
1.8989e+051 
1.419te+051 


Table-Iil: different values of Q and its corresponding 
values of V and [J]. 





1 4380e+051 
9 5538e+050 
538950930 
1 6934+050 
1 2578et+050 





In this case, VSM (P) =0.495 and VSM (Q) =0.6197. 
Case-IH: Tripping line 33(5-4) 


Table-IV: different values of P and its corresponding 
values of V and [J]. 


5.9790e+051 
5.7652e+051 
5.5418e+051 
5.3082e+051 
5.0635e+051 
4.8067e+051 
4.5363e+051 
4.2504e+051 
3.9461e+051 
3.6189e+051 
3.2615e+051 
2.8600e+051 
2.381 2e+ 051 
1.641 le+051 
1.4773e+051 
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Table-V: different values of Q and its corresponding 
values of V and [J]. 


5.5979e+051 
5.6535e+051 
5.3166e+051 
4.9657e+051 
4.5989e+051 


4.2129e+051 
3.8030e+051 
3.3615e+051 
2.8747e+ 051 
2.3135e+051 ` 
1.5703e+051 
1.0386e+051 





In case-I, VSM (P) =0.66 and VSM (Q) = 0.87. 


V. DISSCUSSION 


The simulation results for the test system indicate that the 
magnitude of the load bus system as well as the determinant of 
(J] decreases gradually with increase in system load. The 
changes are more rapid when the system approaches the 
voltage collapse point. The simulation also shows the 
contingency result by tripping the line connected to the 
weakest bus. 

Simulation results for voltage stability margin (VSM) 
indicate that the proposed method provides quit accurate 
values of VSM. In case-I, i.e. when the line 33 is tripped then 
the value of VSM is higher then the two other cases „that 
means in that case bus number 4 is more secured. 


VI. CONCLUSION 


In this investigation, the role of dV/dQ as a voltage stability 
index has been highlighted. This index has been used to 
identify the weakest bus in the test system. P-V and Q-V 
characteristic of the weakest bus are being plotted and critical 
values of P, Q and V being obtained, the voltage stability 
margins have been computed for the test system under heavy 
loading condition as well as under contingent condition of line 
trip. In this investigation, it has been revealed that it is 
possible to compute contingency ranking of line(s) connected 
to the load buses applying the concept if voltage stability 
margin to the corresponding load bus. The developed method 
can be used for offline study of static voltage stability and 
security of a multibus power network. 


. APPENDIX 


The work is done with the following data and the limit of 
the PV buses is -0.1 <Q > 0.4 


Table-VI: Line data 


Line Branch Linecharging Inpedence 


no. 


nDo Noaua W a e 


12 


21 


REIL BEANE DNB 


Pq 


r 


j0.0179 
J0.0337 
j0 0148 
j0.0224 
J0 0573 
j0.0873 
10.0186 
j0.0155 
40.0175 
j0.0085 
j0.0185 
40.0113 
j0.0220 
j0 0558 
j0.0557 
j0.1335 
J0 0140 
40.0040 
j0.0078 
j0.0110 
j0.0118 
j0.0572 
j0.0085 
j0.0135 
j0.0161 
j0.0135 
30.0044 
j0.0148 
j00122 
j0.0132 
j0.034 
j0.0238 
j0.0169 
50.0567 
j0 0317 


0.0720+40.2876 
0.0290+40.1379 
0 1012440 2794 
0.148740 3897 
0.108540 2245 
0.075340 3593 
0.0617440 2935 
00511440 2442 
0.057940 2763 
0.0564440 1487 
0.118340 3573 
0.0196440.0514 
0.038240 1007 
0.0970440 2547 
0 0497440 2372 
0.014440 1269 
0.0929440 2442 
0.026340 0691 
0.0529440.1465 
0 036449.1736 
0.0387440 1847 
0.0497440.2372 
0.0973440.2698 
0.089840 2359 
0.1068440.2807 
0.0460440.2196 
0.0281440.0764 
0.0256+40.0673 
0.0806440.2119 
0.0872440.2294 
0.0615440.1613 
0.041440 1087 
0.2250440 3559 
0.0970+40.2595 
0.047240 1458 


Table-VII: Generation, load, and voltage at buses 
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Abstract-—-In this paper an attempt has been made to review a 
few important voltage stability indicators namely, L-index, Jd, 
Sp, Sq, V-I indicator and VSM indicator. Though numerous 
researches have been reported so far in voltage stability of power 
sysiem, in this paper the authors have tried to explore the 
applicability of a few of them which are found to be very effective 
in off line simulation of static voltage stability in a multi-bus 
power system. The simulation in this work has been conducted on 
the IEEE-30 bus system and a comparative review of these 
indicators has been presented. 


Key words—power system stability, stability Indices, voltage 
stability. 


L INTRODUCTION 


WV E E 
trans 


mission system the problem of voltage stability in 
the complex power-grid has became a major concern 
. in power system planning and operations. In addition to this 
aspect, economic and operational factors have forced 
operation of power system close to operating limit there are 
many incidents of system blackout due to voltage collapse in 
the last quarter of 20" century [1]. The problem of voltage 
collapse is characterized by a slow variation in system 
operating point due to increase in the loads in such a way so 
that the magnitude of the bus voltage gradually decreases 
until a critical point is achieved. Beyond this critical point 
there is a sharp accelerated voltage collapse. The voltage 
collapse in its simplest concept is explained as the inability of 
the power supply system to transmit adequate amount of 
reactive power or the excessive absorption of reactive power 
by the system itself [2]. There are two different approaches 
for analyzing voltage stability problems of power systems 
static analysis and dynamic analysis. In the static approaches 
the voltage stability 


problems are analyzed through steady state model and 
techniques [3, 4]. On the other hand, the dynamic approaches 
reveal the voltage collapse mechanism, i.e. why and how 
voltage collapse occurs. In this approaches it-is required to 
include dynamic models and techniques [4, 5]. In voltage 
stability studies it has been found that voltage magnitude alone 
do not give a good indication of proximity to voltage collapse. 
Steady state voltage stability or static voltage stability being 
an important aspect, several works have been reported in the 
past to highlight the development of static voltage stability 
indicators [6, 7, 8, 9, 10, 11]. 

In this paper an attempt has been made to explore the 

applicability of a few important voltage stability indices: 

(a)L-index ( voltage collapse index based on load 

flow solution) (12, 13] 

(b) Jd index (diagonal element ratio dependent index) [13] 

(c) Sp, Sq index (sensitivity based voltage collapse index [7] 

(d) V-I index (static voltage stability index) [14] 

(e) VSM indicator (voltage stability margin indicator){14] 

Simulations have been performed on IEEE-30 bus system 

and comparative results have been reported, in this paper for 

these stability indices. 


I. THEORY 


A. L-index [12,13] 
L-index can be computed from the following equations 


ng 1- Seep a) 


im} 
where j = g + 1,..., n and all the terms within the sigma on the 
RHS of equation are complex quantities. Fhe values Fji are 
obtained from the Y-bus matrix as follows 
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voltages at the generator nodes and load nodes. Arranging 


equation as : 
pe ZL Fis JL 
JEE e 
where o = [PP] 


are the required values, we find that the L-index for a given 
load condition can be computed for all load buses and the 
maximum of the L-index gives the proximity of the system to 
voltage collapse. An L index value away from 1 and close to 0 
indicates an improved voltage stability margin. The equation 
for the L-index for the jth node can be rewritten as 


= 11.0 — “hd lba + 6; — 5; 


L, = |1.0— re 


at 


2 
= |10- ae ion 


For the L-index the bus angles can be considered to be 
constant for a given load condition, while the Fij values are 
fixed for a given network configuration. Hence the only 
variables are system node voltage magnitudes. 

n is the total number of buses with 

1,2,.... g generator buses (g), 

gH, gt+2,...,g+s SVC buses (s), 

g+s+l1,..,n remaining buses (r =n - g - s) 

t number of OLTC transformers 


(3) 











B. Ratio of diagonal element (Jd){ 13] 
Diagonal element of the jacobian matrix being positive, the 
ratio of maximum to minimum value can be used as an index. 


J y= met (4) 


Where J „ax is the maximum value of the diagonal element, 


and J yy is the minimum value of the diagonal element. 


C. Sensitivity based voltage collapse index. (Sp,Sq). [7] 


0Q, wa [2E] m 
aV, Lod 

reduced, if the load is increased, thus the deviation in value of 
9Q, na OP 
oV., 00, 


conditions can be used as an index of voltage stability for the load 
bus i. 





The value of diagonal elements 


from its no-load value at any particular loading 


Using these criteria two voltage stability indices are proposed. 


AES | [FOR THE SPECIFIED LOAD] (5a) 


06 






Se~ 
oP, AT NO LOAD CONDITION 
ge 5, | [ ] 
[FOR THE SPECIFIED LOAD] 
Sa” (Sh) 


[AT NO LOAD CONDITION] 


D. V-I curve as a stability index [14] 


Voltage versus current curve or V-I characteristic is presented 
as a tool to assess the voltage stability limit. It requires only 
bus voltage and current data at present; the above data are 
processed through the least squares method to establish the V— 
I characteristic. The extrapolated part of the characteristic is 
then used to estimate the critical load at the verge of voltage 
collapse. 

Now we consider a general power system with a local load bus 
or voltage uncontrolled bus as shown in Fig. t. Its Thevenin 
equivalent can represent the rest of the system, and such an 
equivalent of the system is shown in fig.2 below. The load of 


the local bus is considered as § =~ § 2 @ and is represented by 


shunt impedance 
Z=ZZO@ In the equivalent system. 
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Fig: 1 


Fig: 2 


By changing the load impedance we can vary the load voltage, 
current and power. A typical variation of load voltage against 
the load current is obtained by varying Z at a constant angle 
@ is shown in Fig.2 and is called the V-I characteristic of the 
bus. The complex load of the bus can be written as 


S=SLO=V]" however, the magnitude of load apparent 


power S is the product of load voltage and current magnitudes 
ie. S=VI. 


E. Voltage stability margin indicator [14] 
For a given operating condition, the VSM E of a load bus i, in 


a general power system can be defined as: 
Gi sica 
Sr 


Here,” is the critical load of bus i, and g, is the initial 
load by assuming that the load of all buses is increased 
uniformly. The procedure of estimating the critical load, at the 
present operating point, through the V-I characteristic is 
described in the following. Consider that the VI characteristic 
of the bus, around the present operating point, can be 
represented by the following mth order polynomial: 


V= f= tal? +... tanh 


The magnitude of load apparent power S of the 
bus is the product of voltage and current magnitudes and is 
given by: 


S=VI= A) 


=al +a, P + al? + ...... Haa A. 
noted earlier, the value of the maximum load can be 
determined by sliding the operating point along the V-I 
characteristic (fig:5) until the shaded area becomes maximum. 
Alternatively, the condition of the maximum load can be 
written as: 


os 
a? 


2 = 
aytal + Bagh’ + a + {mrt lad" = 0 SE SA 
solution of this provides the value of current at the maximum 
load point and is called the critical current Z” . 
Thus, the value of the maximum or critical load S$ can be 
obtained by substituting 7 
S7 = fi(I7) 
The above techniques of finding the VSM and critical load 
can also be applied to other load buses of the system. When 
the system load increases uniformly and approaches the 
critical value, the voltage instability first occurs at the weakest 
bus. So the bus that has the lowest value of VSM may be 
considered as the weakest bus and is vulnerable to voltage 
collapse, in this investigation the voltage stability indices have 
been applied to asses the voltage stability of an DEEE-30 bus 
system. 


Il. SIMULATIONS AND RESULTS 


In the first part of the work investigation have been conducted 
to obtain the weakest bus in the assumed IEEE-30 bus system. 
For this purpose simulations have been conducted to 
determine the voltage magnitude of the respective load buses. 
Then we have applied this useful indicator in order to find the 
status of voltage stability in these buses. In the next part of the 
work the voltage stability limit of the weakest bus has been 
assumed applying the respective indicators. 


Fig: 3 represent the voltage profile of the heavily loaded load 
buses. For clarity the voltage profile of a few has been 
displayed and it has been revealed that the voltage magnitude 
at bus no-30 has the worst profile. 






Voltage magnitude of 
30" bus 


Bus voltage magnitude with load multiplier 
Fig; 3 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


The L-index indicators for all load buses of 30-bus network 
have been computed from the base load case with continuous 
higher loading. Fig-4 represents the profile of L-index of the 
load buses, where it is evident that the bus 30 is the weakest 
bus. 








bus-30 have hghest L-INDEX 
value 
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load metipler 


Hindex of al toad bases with Increase of load 
Fig-4 

In this investigation the Jd indicator has also been applied 
which confirm that bus 30 is the weakest bus in the network. 
Once the weaknesses of bus-30 have been diagnosed, the 
voltage stability limit of this bus has been computed by Using 
V-I curves. 
The voltage stability margin has also computed for bus-30. 
The respective profile here been shown in Fig: 5&6. 





V-I curve of 30" bus 


Fig-5 
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VSM of all buses with load multiplier 
Fig-6 


In all these simulations the findings reveal the voltage stability 
limit of weakest bus. 

Another indicator (Sp,Sq) has also been computed and the 
profile of all these indicators have been displayed 
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Characteristic of some indices with load multiplier 
Fig: 7 
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Ill. CONCLUSION 


The investigation reveals that it is possible to identify the 
weakest bus in a multi-bus system using L-index and VSM in 
addition to voltage magnitude study. Once the weak bus is 
identified in the next step it is possible to obtain the voltage 
stability limit following load increase and using the indicators 
Sp, Sq, Ja, VSM, L-index and V-I indicators. 

Comparison of these indicators reveal that VSM is the most 
accurate to pinpoint the stability limit as well as to identify the 


weakest bus followed by L-index, Sp, Sq and Jd indicators. 
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Abstract~—- Many methods have been proposed in literature for 
determining the reliability indices of bulk power system. The 
most significant parameter in the bulk power adequacy 
assessment are overall system “load curtailment indices”. Many 
utilities have difficulty in interpreting the calculated load 
curtailment indices as the existing models do not always consider 
realistic and practical operating conditions. Linear programming 
approach has been proposed for the load curtailment. A simple 
linear programming formulation is found to be inadequate in 
satisfying realistic system objectives and constraints. The present 
paper models uncertainties in load and generation as fuzzy 
numbers. The load curtailment indices are calculated using fuzzy 
linear programming. The results of the IEEE 14 bus system are 
presented to show the effectiveness of the proposed system. 


Key words-— Furzy logic, linguistic variables, reliability and bulk 
power system 


I INTRODUCTION 


he Power system continually experiences changes in its 

operating state. An emergency state may occur as a 

result of sudden increase in system demand, 
unexpected outages of generators or transmission lines or 
failure in any of the system components. Alleviation of the 
transmission line over load is a critical problem in power 
system operation; hence a control action strategy is necessary 
effectively to reduce the line over loads to the security limits 
in minimum time. The possible corrective control actions are 
generation rescheduling, load shedding, inter change 
arrangements and network switching etc neglecting 
economic considerations. 


The reliability of bulk power systems (generation plus high 
voltage transmission, also called composite power systems) is 
an umbrella concept and not, per se, a measure of expected 
system performance. It is evaluated through indices relating to 
two of its attributes, adequacy and security. Adequacy is the 


ability of the system to supply the aggregate electric power and 
energy requirements of the customers, within component 
ratings and voltage limits, taking into account planned and 
unplanned component outages. Security is the ability of the 
system to withstand Sudden disturbances such as the 
unanticipated losses of the system components. The most 
significant qualitative indices in bulk power system adequacy 
assessment are those that relate to load curtailment at both the 
individual bus and overall system levels. These indices can be 
extended to recognize additional factors, such as customer 
interruption cost and reliability cost/reliability worth 
considerations [1, 2]. 


Many methods have been proposed in literature [3] for 
determining the reliability indices of bulk power system. Many 
of the models considered are overly approximate and uses 
infeasible solution methods that are not sufficiently accurate. 
Many utilities have difficulty in interpreting the expected load 
curtailment indices, as the existing models are based on 
adequacy analysis and in many cases do not consider realistic 
operating conditions. The objective is to incorporate security 
considerations in power system reliability evaluation to 
determine which of the contingencies cause component limit 
violations and / or major system shifts, and to determine the 
severity of the contingencies. 


Different methods have been proposed for performing load 
curtailment during emergencies. Useful load curtailment 
algorithms have been proposed [4,5,6]. Linear programming 
approaches used in these algorithms have the main drawback 
of treating the constraints as crisp values that have to be met 
all times, and most of these gives infeasible solutions. One way 
to resolve this problem is to allow in a least square sense, 
however, this approach does not usually produce realistic 
solutions when the problem is infeasible or almost infeasible. 
There is a need more than ever to develop realistic models that 
take advantages of the “soft” characteristics of the problem 
and calculate more accurately the “true” magnitude of the 
power system security margins [7]. 


Uncertainties in load and generations are modeled as fuzzy 
numbers from fuzzy set theory. Trapezoidal membership 
functions are defined for the constraints, such as voltage 
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magnitude of the buses. In this paper a fuzzy linear 
programming approach is used for computation of load 
curtailment (the adequacy and security) indices. The results 
obtained by this method are more realistic than the results of 
the existing methods. 


I FUZZY LOGIC 


Fuzzy logic is basically a multi valued logic that allows 
intermediate values to be defined between conventional 
evaluations like “good” and “bad”, “yes” and “no”, “true” and 
“false”, “black” and “white”, “tall’ and “short” etc. Notions 
like very tall or too short or fairly good can be mathematically 
formulated and processed by the computers. Puzzy logic is the 
super set of conventional (Boolean) logic that has been 
extended to handle the concept of partially truth. A partially 
true statement may be indexed any value between “completely 
true” and “completely false”. 


The basic requirement of a power flow program is to 
organize a set of input data, which. describes the system 
parameters, line parameters, bus injection and initial state 
variables. Conventionally these inputs are assigned values that 
are crisp in nature. However, in many systems this may prove 
to be unrealistic as these parameters show imprecision and 
uncertainty. In such cases, the information need be 
qualitatively soft in nature. Fuzzy set theory offers a way to 
understand these problems and also allows incorporating ones 
own intuition, intelligence and knowledge from past 
experience in solving them. It is felt that these uncertainties 
can be properly modeled with the help of fuzzy set theory and 
fuzzy reasoning. 


A fuzzy set A in the universe of discourse “U” can be 
defined as a set of ordered pairs, where each subset includes 
some element ‘x’ and its membership function pA. The 
membership function pA indicates the degree that ‘x’ belongs 
to A. This relationship is expressed in a mathematical form as: 


A= {(x, pA(x)) [x € U} 


X (Universe of discourse) 





Fig 1. Crisp Set Boundary 


X (Universe of discourse) 





Fig 2. Fuzzy Set Boundary 


In fuzzy set theory there exists several forms of distribution 
functions (e.g., triangular, trapezoidal, ramp, exponential etc.) 
to suit the need and requirement of the problem (8, 9]. 


Wi FUZZY APPROACH TO OPTIMIZATION 


When Fuzzy set theory is used to solve real problems, the 
following steps are generally followed [10]. 


Step 1: The problem to be solved should first be i 
mathematically / linguistically. — 


Step 2: For a variable, there is a specific value with the 
greatest degree of satisfaction evaluated from 
empirical knowledge and a certain deviating is 
acceptable with decreasing degree of satisfaction until 
a value that is completely unacceptable. The two 
values corresponding to the greatest and least degree 
of satisfaction are termed thresholds. 


Step 3: Proper forms of membership functions are constructed. 
Many forms of membership functions are available 
such as linear, piece wise linear trapezoidal parabolic, 
and so on. The membership functions should reflect 
the change in degree of satisfaction with the change in 
variables evaluated by experts. 


Step 4: In terms of the practical decision-making process by 
human experts, a proper fuzzy operation is selected so 
that the results obtained are like those obtained by 
experts. The interpretation of results using fuzzy 
systems is based on domain expert reasoning. 
Therefore, at this level a hybrid fuzzy set-expert 
system scheme is desirable. It helps to remove any 
ambiguity that may occur in problem solving. 


IV POWER SYSTEMS MODEL 


For the purpose of power system studies, we need to 
develop the mathematical model of the power system network. 
In order to develop fairly accurate models of the power system 
network, it is necessary that the model should reflect correctly 
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the terminal behavior of each component of the network for 
the purpose (i.e., study) for which the model has been 
developed. This is because the terminal behavior of the power 
system components differs from normal i.e., steady state 
condition to abnormal i.e., transient condition. 


The power system is modeled using load flow 
equations [11}: 
= 2| Vi || Vs | Yucos (8; - + 6y), 
Q = XÍ Vi || Vs | Yu sin (5; - 8+ Oy), 
Where, — 


6,= bus angle at i 
V,= bus voltage at i 

= bus Power injection at i 
Q= reactive power at bus / 


The summation is over the system buses. 


V OBJECTIVE FUNCTION & CONSTRAINTS 


The Linear programming for minimum load curtailment [12] 
is, 


Objective function: 
N load 
Min. Sum=y X, 

Such that, = 

È Xi + EPLI +EPi=0 ww. Active power balance. 
a Thermal limit. 
Pi” < Pi SPM a... Active power generation limit. 

OS XisPi oO oases Load curtailment limit. 
Where, 


N load is the no. of load points in the system. 
X, is the load curtailment. 
Pi is the power generation. 

and P,, is the load at bus i. 


In this model both the generation shift and the load shed are 
used as variables. The main advantages of this model is that 
for each of those contingencies which violate the over load 
constraint, both the generation rescheduling as well as the 
amount of load shed can be found from a single run. 


VI FUZZY MODELING OF OBJECTIVE FUNCTION 
& CONSTRAINTS 


6.1 Objective function: 
The attribute to be minimized is the load curtailment 
under certain generation and load requirements. This is 
modeled by taking this as the crisp value. 


6.2 Security constraints: 
It is reasonable to consider violations of branch flow 
limits, bus voltage limits and generator VAR limits. 
6.2.1 Voltage Magnitude: 


u(Vi) 





0 


Vi 


V2 V Va Vi 


Fig 3. Load voltage magnitude constraint 


The uncertainty in generation is depicted in fig 3.The Ne 
possibility signifies four break points ic,  V' 
v? and their possibilities. This representation of PhS 
occurs with the experiences in power system indicating that as 
the system demand decreases, the load bus voltage would be 
required at generator to maintain specific voltages. 

Vim S Vi S V2 S Va SV4S V mx 
6.2.2 Line flow constraint: 

The thermal operating limits of transmission lines and 
transformers limits, the amount of current flow through them 
can be expressed as: 

(@ - 8)) SO, 
Where j is the branch connecting the buses k and i 


6.2.3 Real power generation constraint: 

The real power generation constraints are modeled as 
fuzzy sets. This is modeled by a trapezoidal membership 
function, the limits being the minimum value and the 
maximum values. 


6.2.4 Reactive power constraint: 
The reactive power generation at the slack or PV bus is 
Q, <s Q ks Qoa% 
Where, ’m’ and ‘M’ refers to the minimum and maximum 
values soe 


13. 
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VI ALGORITHM 


The proposed methodology starts from an operating point 
that satisfies the power balance equation [13]. The scheme for 
calculating reliability indices is presented in fig 4. 


Step 1: Select the contingency and identify the generation and 
power flow limits violation. 

Step 2: Run fuzzy LP DC load flow, where it will curtail load 
due to generation deficiency. 

Step 3: Run AC load flow to check for power flow and bus 
voltages. 

Step 4: Select the most severe power flow violation (where 
load curtailment is necessary) and include the related 


constraints in fuzzy LP model. 
Step: Determine the load curtailment 


Is 
P, &V, 
Within 
limits? 


Fuzzy LP 
Line Flow 
Conetraint 





Fig 4.Scheme for Calculating Reliability Indices 


VII RESULTS 


The quantitative reliability evaluation of a composite 
generation and transmission system involves the simulation 
and investigation of all possible element outage conditions for 
evaluating the reliability indices at each bus. The load 
curtailment at different buses for different contingencies has 
been determined. The results are tabulated in Table I, H, IO 
and IV. 

Table I: Maximum Load Curtailment Indices 


Lines out 
Oo o 4 J ago ee ee R 
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Table If: Maximum Duration of Load Curtailment Indices 


Lines out 
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Table IV: Average Bus Indices of the System 





X CONCLUSIONS 


The problem encountered in the reliability evaluation of a 
composite generation and transmission system is the overload 
of transmission lines. The simplest solution to this problem is 
to allow these elements to operate in the overloaded condition. 
This assumption results in optimistic reliability indices 
especially when the overload is heavy and persists for a longer 
duration. An alternative solution is to remove the overloaded 
component and continue to analyze the remaining system until 
no other element is overloaded, or until the total system has 
failed. This approach results in pessimistic reliability indices 
which may suggests expensive and unnecessary investment. A 
practical solution is to alleviate the line overloads by 
generation rescheduling and load shedding. Hitherto linear 


programming approach has been proposed for generation 
rescheduling and load curtailment. 
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Abstract— Power system stabilizers (PSS) are used to generate 
supplementary control signals for the excitation system in order 
to damp the low frequency power system oscillations. To 
overcome the drawbacks of conventional PSS (CPSS), numerous 
techniques have been proposed in the literature. Based on the 
analysis of existing techniques, this paper presents the 
stabilization of multi-machine power system based on coordinated 
adaptive neuro-fuzzy network based power system stabilizer 
(ANFPSS) design. The proposed system consists of a neuro fuzzy 
controller, which is used to generate a supplementary control 
signal to the excitation system. The proposed method has the 
features of a simple structure, adaptivity and fast response. The 
propesed controller is evaluated on a multi-machine power 
system under different operating conditions and disturbances to 
demonstrate its effectiveness and robustness. Eigenvalue analysis 
shows that the undamped modes are sensitive to excitation contral 
while speed governors have little influence on damping. 


Key words-—- Neuro-Fuzzy Networks, Power System Stabilizer 
(PSS), Dynamic Stability. 


I. INTRODUCTION 


WER system stabilizers are used to generate 
supplementary control signals for the excitation system in 
order to damp the low frequency inter-area and intra-area 
oscillations [1]. Conventional power system stabilizer is 
widely used in existing power systems and has made a 
contribution in enhancing power system dynamic stability. The 
parameters of CPSS are determined based on a linearized 
model of the power system around a nominal operating point 
where they can provide good performance. Since power 
systems are highly nonlinear systems, with configurations and 
parameters that change with time, the CPSS design based on 
the linearized model of the power system cannot guarantee its 
performance in a practical operating environment. 

To improve the performance of CPSSs, numerous 
techniques have been proposed for their design, such as using 
intelligent optimization methods (simulated annealing, genetic 
algorithm, tabu search) [2]-[4], fuzzy [5]-[6], neural networks 
and many other nonlinear control techniques. The intelligent 


16 


optimization algorithms are used to determine the optimal 
parameters for CPSS by optimizing an eigenvalue based cost 
function in an offline mode. Since the method is based on a 
linearized model and the parameters are not updated online, 
therefore they lack satisfactory performance during practical 
operation. The rule-based fuzzy logic control methods are well 
known for the difficulty in obtaining and adjusting the 
parameters of the rules especially online. Recent research 
indicates that more emphasis has been placed on the combined 
usage of fuzzy systems and other technologies such as neural 
networks to add adaptability to the design [7]. Currently, most 
of the nonlinear control based methods use simplified models 
to decrease complexity of the algorithms. Considering the 
complexity of practical power systems, more realistic model 
with less computation time is required for effective robust 
control over a wide range of operating conditions. 

As power systems are nonlinear, and also are prone to 
variations in its operating states over a wide range, the 
conventional PSS cannot provide optimal performance as the 
operating point changes. The fusion of ideas from fuzzy 
control and neural networks had acknowledged a significant 
role in improving controller performances. Fuzzy logic has 
proven effective for complex, non-linear and imprecisely 
defined systems. The common bottleneck in fuzzy logic is the 
derivation of fuzzy rules and the parameter tuning for the 
controller. The neural networks have powerful learning 
abilities, optimization abilities and adaptation. The fuzzy logic 
and neural networks can be integrated to form a connectionist 
Adaptive network based Fuzzy logic controller. The proposed 
Adaptive Neuro-Fuzzy based PSS (ANFPSS) is designed for a 
multimachine machine power system network. 

The generator speed deviation and its derivative are taken as 
inputs to the controller. This paper also presents the results of 
a Stability investigation of a power system by coordinated 
power system stabilizers (PSSs). The effects of the existing 
controllers on system stability are studied. If no PSSs are 
present, the damping of various swing modes in the system 
will be very poor and low frequency oscillations present. 

The power system model is described in section I. The 
design of the coordinated adaptive neuro-fuzzy network 
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controller is described in section I. The Implementation 
process and simulation studies are described in section IV. 


II. POWER SYSTEM MODELLING 
For any electric power system dynamic study, a proper 
mathematical model must be chosen. There are only a limited 
number of system components important to the dynamic study: 
the synchronous generator, the governor and the excitation 
system. 


A. Synchronous generator 

The three armature phase windings on the stator of the 
synchronous machine are replaced by two equivalent armature 
windings, a d-winding on the d-axis and a q-winding on the q- 
axis by Park’s transformation. The models mainly differ in the 
number of windings considered along d and q-axis. The third 
order model [8] represented by the following equations is used 
for the representation of synchronous generator. 


o=1/M (T, -T,-T,) a) 
5 = 0,(@-1) 
e= Jr [E, -e, -(x, ~x,)i, | 
do 
and the auxiliary equations are 
V? (xy ~ x,)sin 28 (4) 
2x,%, 


(2) 


(3) 


eV 
-tsin 5 + 
Xa 


e, =V, + Jala + jx, * ji, (5) 

B. Modeling of Excitation System 

The excitation system is considered to be of continuously 
acting IEEE Type-! excitation system [8]. The CPSS consists 


of two phase-lead compensation blocks, a signal washout 
block, and a gain block. The input signal is the rotor speed 


deviation A@ [18]. The block diagram of the CPSS is shown 
in fig.i 





Fig.1 Block Diagram of CPSS 


MW. ADAPTIVE NEURO-FUZZY PSS 
The Adaptive Network Based Fuzzy Logic PSS is designed 
with two inputs, the generator speed deviation A@ and its 
derivative A‘ , and one control output (ug). The training data 
is viewed to be very complex hence seven linguistic variables 
for each input variable were used to get the desired 
performance. The linguistic variables are specified by 


Gaussian membership functions and as a result 49 rules are 
devised. The rule-base contains the fuzzy IF-THEN rules of 
sugeno's first order type [9] in which the output of each rule is 
a linear combination of input variables plus a constant term. 
The final output is the weighted average of each rule’s output. 
The universe of discourse for the input-output variables is 
normalized and the gain parameters chosen based on input- 


output space are AO gain=1.0, Ao gain=0.08, ug gain=0.1 


The architecture of the ANFPSS sensing A@and AQ is 
shown in Fig. 2. where node functions in each layer are as 
described below. 





be 
Fig 2. Architecture of ANFPSS 


Layer 1: 
Each node in this layer is an adaptive node performing 
Gaussian membership function. 
G -c | 
2 


os 


where i=1,2...7, j=1, 2...7 


Oja = Hy, (x,) = exp |- 


Xi, is the input to this layer and ¥ , is the center of 

the membership function. 
Layer 2: 
Every node in this layer represents the firing strength of the 
rule. 
Or; = W, = Hy (xi) A Me Cy) i=1...7. 
Eventually the nodes of this layer perform fuzzy AND 
operation. 
Layer 3: 

The nodes of this layer calculate the normalized firing 
strength of each rule. 


Draai 
03, FW = 


Xw, 
wi-firing strength of a rule, 


i=1...49. 
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Layer 4: 
The nodes in this layer output the weighted 
consequent part of the rule table. 


Oz; =wıf, =wi(p,x+q,y +r) 


i=1,...49 
where {p,,q.r } is the parameter set of this node. 


Layer 5: 
The single node in this layer computes the overall 
output as the summation of all the incoming signals, 


0;, = > "IK w; 


where O s, ‚denote the output of the ‘i’th node in layer 


i=]...49. 


5. 

The learning algorithm for the connectionist network 
structure consists of two separate stages of a learning strategy, 
which combines unsupervised learning and supervised 
gradient-descent learning procedure. In phase one a self- 
organized learning scheme is used to locate initial membership 
functions and to find the presence of fuzzy logic rules. In 
phase two a supervised learning scheme is used to optimally 
adjust the parameters of membership functions for desired 
output. The back-propagation algorithm is used for the 
supervised learning. To initiate the learning scheme, training 
data and the desired or guessed coarse of fuzzy partition (i.e., 
the size of the term set of each input/output linguistic variable) 
must be provided from the outside world [9]. 

The ANFPSS training is done assuming that there is 
no expert available and the initial values of the membership 
functions parameters are equally distributed along the universe 
of discourse and all consequent parts of the rule table set to 
zero. The ANFPSS starts from zero output and during training 
it gradually learns the rules and functions as close to the 
desired controller. Thus during training the network structure 
update membership functions and rule base parameters 
according to the gradient descent update procedure. 

The ANFPSS was trained by data’s created from 
Power System Stabilizers designed for various operating 
conditions in which the generator output ranging from 0.2 to 
1.0 pu and power factor ranging from 0.85 lead to 0.4 lag. The 
wide spectrum of possible disturbances used for the training 
are: reference voltage and infinite bus voltage disturbances in 
the range of -0.05 pu to 0.05 pu, torque variations from -0.15 
pu to 0.15 pu, three phase fault transients, transmission line 
with different line reactance disturbances, different machine 
inertia disturbances and one transmission line outage. A total 
of 4512 input-output data pairs are created for the training of 
ANFPSS. 


IV. SIMULATION STUDIES 
The performance of the designed ANFPSS was investigated 


on a power system model of the three machine nine bus system. 


[10] with third generator considered as the infinite bus. A 
single-machine part of the schematic diagram of the multi- 
machine system used for simulation studies is shown in Fig 3. 


The Simulink and Fuzzy Logic toolbox of MATLAB [11, 12] 
are used for modeling the power system and designing the 
ANFPSS respectively. A number of studies have been 
performed to investigate the effect of PSS designed by the 
Adaptive Network Based Fuzzy Logic control approach. The 
contro! output for both the ANFPSS and CPSS was limited to 
0.15 pu. 





Aw 


Fig:3 System model for Simulation Studies 


Load test: 

With the generator operating at an active power of 0.4 pu 
and a reactive power of 0.9 p.u lag a 0.01 pu step increase in 
input torque reference was applied in all the machines. The 
disturbance is large enough to cause the system to operate in 
the non-linear region. System response without PSS and with 
the CPSS and ANFPSS under these conditions was shown in 
Fig 4 & 5. The system without stabilizer is highly oscillatory. 
Although the CPSS is effective in damping the oscillations, the 
ANFPSS settles the oscillations smoothly and quickly. 





Fig:4 Simulation results for load test at an active power of 
0.4 pu and reactive power 0.9 pu a 0.01 pu step increase in 
input torque reference in generator 1. 
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Fig:5 Simulation results for load test at an active power of 
0.4 pu and reactive power 0.9 pu a 0.01 pu step increase in 
input torque reference in generator 2. 


Leading pf Load test: 

When the generator is operating at a leading power factor, 
the situation is much more difficult because the stability 
margin is reduced. However, in order to absorb the capacitive 
charging current in a high voltage power system, it may 
become necessary to operate the generator at a leading power 
factor. It is therefore desirable that the controller be able to 
guarantee stable operation of the generator under leading 
power factor condition. 

With the generator operating at an active power of 0.9 pu 
and reactive power 0.8 lead, a 0.01 pu step increase in torque 
reference was applied at 1s.The results given in Fig 6 & 7 
show that the oscillation of the system is damped out rapidly 
by the ANFPSS. 
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Fig:6 Simulation results for leading power factor load test at 
an active power of 0.9 pu and reactive power 0.8 pu a 0.01 pu 
step increase in input torque reference in generator | 





Fig:7 Simulation results for leading power factor load test at 
an active power of 0.9 pu and reactive power 0.8 pu a 0.01 pu 
step increase in input torque reference in generator 2 


Eigenvalue Analysis 

The following analysis is conducted without PSSs in 
service. The purpose is to identify the best sites for PSS 
installation. Two operating conditions for eigenvalue analysis 
are considered; the normal operation and the operating 
condition when one of the double circuit lines is tripped. Table 
I shows the eigenvalues, frequencies of swing modes and their 
participating generators for both situations. 
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Table:1 

System | Eigen values without Eigen values with 
PSS ANFPSS 
Generator | -0.019649+ 5.5135i | -7.9744+  30.044i 
I -0.019649- 5.5135i | -7.9744- 30.044: 
-10.187 + 30.3841 -1.6696 + 5.027i 
-10.187 - 30.384i -1.6696 - 5.027 
-0.34535 









-11.114 
-7.0511 + 
















-0.055556 + 7.4902i 28.824i 


-0.055556 - 7.4902i | -7.0511 - 28.8247 
-10.189 + 29.132i -2.2753 + 6.7059i 
-10.189 - 29.132i -2.2753 - 6.7059i 


-0.34106 
-11.828 


V. CONCLUSION 


To overcome the drawbacks of conventional power system 
stabilizers, an adaptive coordinated neuro-fuzzy network 
control based power system stabilizer design is presented in 
this paper. The’ proposed method is evaluated on a 9 bus three 
machine power system. The design of the proposed controller 
is based on only the speed deviation of the generator. 
Therefore, the computations involved in the ntwork design are 
minimal. This is desirable for practical hardware 
implementation on the power station platforms. Simulation 
results for different kinds of disturbances and operating 
conditions demonstrate the effectiveness and robustness of the 
controller. Such a nonlinear adaptive PSS will yield better and 
fast damping under small and large disturbances even with 
changes in system operating conditions. Better and fast 
damping means that generators can operate more close to their 
maximum generation capacity thus ensuring that generators 
remain stable under sever faults such as three phase short 
circuits. 


APPENDIX 
List of Symbols: 
ô : Rotor angle. 
o : Rotor angular velocity. 
Eg : Exciter output voltage 
M : Inertia constant 
To : Mechanical torque 
Te : Electrical torque 
Ta : Damping torque 
Td? :  d-axis open circuit time 
constant 
x; :  d-axis transient reactance 
x; * d-axis component of 
synchronous reactance 
x : q-axis component of 
synchronous reactance 
id,iq d and q axis currents 


Vt : Generator terminal voltage 


REFERENCES 


[1] B.V.Larsen and D.A.Swann, “Applying Power System Stabilizers”, 
IEEE Trans. on PAS, Vol 100, pp.3017-3041, 1981. 

[2] Abido, M.A., “Robust design of multi-machine power system stabilizers 
using simulated annealing,” IEEE Trans. on Energy Conversion, Vol. 
15, No. 3, pp. 297-304, 2000. 

[3] Do Bomfim, A.L.B., Taranto, G.N. and Falcao, D.M., “Simultaneous 
tuning of power system damping controllers using genetic algorithms,” 
IEEE Transaction on Power Systems, Vol. 15, No. 1, pp. 163-169, 
2000. 

[4] Abdel-Magid, Y.L., Abido, M.A. and Mantaway, A.H , “Robust toning 
of power system stabilizers in multi-machine power systems,” IEEE 
Transactions on Power Systems, Vol. 15, No. 2, pp. 735 -740, 2000. 

[5] K.AEl-Metwally, G.C.Hancock O.P.Malik, “Implementation of a Fuzzy 
Logic PSS using a micro controller and Experimental Test Results”, 
IEEE Trans. on Energy Conversion, Vol.11, pp.91-96, 1996. 

[6] Hariri, A. and Malik, O.P., “A fuzzy logic based power system stabilizer 
with learning ability,” IBEE Trans. on Energy Conversion, Vol. 11, No. 
4, pp. 721 -727, 1996. 

(7] Hiyama, T. and Tomsovic, K.,"Current status of fuzzy system 
applications in power systems,” Proceedings of the [EEE SMC99” , 
Tokyo, Japan, pp. 527-532, 1999. 

[8] Y.N.Yu, “Electric Power System Dynamics”, Academic Press, New 
York, 1983 

[9] C.T.Lin, C.S.George Lee, “Neural-Network Based Fuzzy Logic Control 
and Decision system”. IEEE Trans.on Computers, Vol.40, pp.1320- 
1336, 1991. 

[10] P.M.Anderson and A.A-Fouad, “Power system control and stability”, 
Vol-1, IOWA State University Press, USA, 1981. 

[11] Ned Gulley, J.S.R Jang, “Fuzzy Logic Tool Box for.use with MATLAB, 
User’s Guide”, The MATH WORKS Inc, Jan.1995. 

[12] “Simulink Dynamic System Simulation Software, User's Guide”, The 
MATH works Inc, Jan.1995. 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


Incorporating Static Synchronous Series 
Compensator in Optimal Reactive Power Allocation 
for Improving Voltage Stability Margins 


P. Kanta Rao! and K. Vaisakh? 


Dept. of Electrical Engineering, SRKR College of Engmeering, BHIMAVARAM, AP 534 204 INDIA 
Dept. of Electrical Engineering, Andhra University, VISAKHAPATNAM, AP 530 003 INDIA (e-mail: 
vaisakh_k @yahoo.co.in) 


Abstract-The reactive power allocation aspect has received 
considerable attention in present day power system operation. 
The voltage magnitudes throughout a system are very important, 
as they must be high enough to support loads, and low enough to 
avoid equipment breakdown. Reactive power dispatch can be 
defined as the control of generator excitation, variable 
transformer tap settings, and adjustable VAR compensating 
devices to improve the system voltage profile, and thereby to 
minimize the active power losses in the system. At heavy/light 
load periods, voltage control is provided by the controllable 
reactive sources. These reactive power controls, which are 
scattered throughout the transmission network, function in co- 
ordination. In this paper, a sequential method for optimum 
allocation of reactive power in day -to-day operation of power 
systems in presence of SSSC is presented. The technique will try 
to utilize fully the reactive power sources in the system to improve 
the voltage profile and to minimize the voltage stability indices. 
The method involves successive solution of steady state power 
flows and optimization of reactive power control variables using 
linear programming techniques. The proposed method has been 
applied to few systems and the results obtained on a 24-bus real- 
life system are presented for illustration. 


Index Terms—Optimal reactive power allocation, Voltage 
stability, Power loss, Controlled voltage source 


I. INTRODUCTION 


VER the past 30 years, a number of power system 

optimization methodologies consist of a power flow 

solution integrated together with an optimization 
algorithm. The optimal power flow problem is the 
minimization of the fuel cost, system losses, or any other 
appropriate objective function, while maintaining acceptable 
system performance in terms of limits on generator active and 
reactive power outputs, outputs of reactive power 
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compensating devices, transformer tap settings, or bus voltage 
levels, etc [1, 2, 3, 4, 5]. When the objective function is 
minimized, the optimal power flow results in an economic 
dispatch through optimum allocation of real power generation. 
It also determines the reactive power outputs of generators and 
other VAR sources, as well as the transformer tap settings. 

To handle large-scale problems, the idea of decomposition 
of problem into active power optimization and reactive power 
optimization is also used by many investigators [6,7,8, 9]. The 
active power optimization problem is to minimize the 
production cost under the assumption that system voltages are 
held constant, and the reactive power optimization problem is 
to minimize the transmission loss under the assumption that 
the active power generation is held constant. Due to the loose 
coupling between the two problems, the sequential 
optimization provides a considerable advantage over the 
simultaneous optimization of all the control variables. 

In the recent years voltage stability issues have received 
considerable focus due to the several voltage stability crisis 
situations having occurred all around the globe. Economic 
competition, sometimes, results in paying less attention to 
security features of the overall system. A power flow can have 
any number of operating limit violations. Methods to 
understand the voltage instability phenomenon and quantify 
the stability indices have been reported in works [10,11,12]. In 
[13] a voltage stability indicator has been discussed whose 
value changes between zero (no load) and one (voltage 
collapse). The indicator incorporates the effect of all other 
loads in the system on the evaluation of index at individual 
load buses. The overall voltage stability of the system could be 
identified by the largest value of the index evaluated amongst 
all the load buses. This indicator can also be used as a 
normalized quantitative measure, for estimation of the voltage 
stability margin from the operating point. 

In this paper, the authors have used this capability of the 
indicator. Works in the direction of developing algorithms to 
incorporate stability issues into power system operational 
analysis are going on. The reported work [14] attempts to 
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formulate the incorporation of the transient angle stability, into 
an OPF routine, as an additional constraint. In this paper the 
authors have proposed and formulated an algorithm to include 
the voltage stability margin as objective into the optimal 
reactive power allocation. 

Controlling the power flows in the network, under normal 
operation and network contingencies, helps to reduce flows in 
heavily loaded lines, reduce system power loss, and improve 
stability and performance of the system without generation 
rescheduling or topological changes [15, 16]. A controlled 
voltage source installed in a line helps to increase or decrease 
the power flow in a line for improving real power loss 
reduction, voltage profiles, and voltage stability. 

In this paper, a sequential method for optimum allocation of 
reactive power in day -to-day operation of power systems in 
presence of SSSC .The technique will try to utilize fully the 
reactive power sources in the system to improve the voltage 
profile and to minimize the real power losses and voltage 
stability indices. The method involves successive solution of 
steady state power flows and optimization of reactive power 
control variables using linear programming techniques. 


II, VOLTAGE STABILITY INDICATOR 


Consider an n-bus system having 1, 2...g, generator buses 
(g), and g+1,g+2...n the load buses(r=n-g-s) and t number of 
OLTC transformers. The transmission system can be 
represented using a hybrid representation, by the following set 


of equations 
I, Vo Kg. Yoo Ve 

V,» 1, are the voltage and current vectors at the load buses 

Vg» Io are the voltage and current vectors at the generator 
buses 

Zu Figs KepXeg are the sub-matrices of the hybrid 
matrix H. 

The H matrix can be evaluated from the Y bus matrix by a 


partial inversion, where the voltages at the load buses are 
exchanged against their currents. 


Is z Yoo You | | Va 
I, Yig Ya] (V: 
This representation can then be used to define a voltage 


stability indicator at the load bus [13], namely L; which is 
given by, 





h Vo 
L; =j|l+ (1) 
V, 
where, 
Voj =- F;Vı 2) 
kG 


The term Vo, iS representative of an equivalent generator 
comprising the contribution from all generators. 
The index L, can also be derived and expressed in terms of 





the power terms as the following. 
(3) 
S y+ = S y+ S jearr 
(4) 
* indicates the ee conjugate of the vector 
Z S Ss) 
S Jor — =( 2- d 6) 
F j toads Z ï i. 
1 
Y p =— (6) 
Zy 


The complex power term component $ porr represents the 
contributions of the other loads in the system to the index 
evaluated at the node j. The L-indices for a given load 
condition are computed for all load buses. The equation for the 
L -index for j-th node can be written as 


o-S ry Fl £0, +6,-5, és 
= Jese + jFy) a 
* Indicates the complex conjugate of the vector 
v, =\v,|£8, .V) = V2. (9) 
F, =|F,|20, 
F; =|F,|cos@, +5, -5,), (10) 


F} =|F,|sin@, +5, -5,) 
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It can be seen that when a load bus approaches a steady state 
voltage collapse situation, the index L approaches the 
numerical value 1.0. Hence for an overall system voltage 
stability condition, the index evaluated at any of the buses 
must be less than unity. Thus the index value L gives an 
indication of how far the system is from voltage collapse. This 
feature of this indicator has been exploited in our proposed 
algorithm to evolve a voltage collapse margin incorporated 
OPF routine. 

In the conventional optimal power flow approach, the 
objective is to minimize the total amount of load curtailment 
considering the load flow system constraints like line flow, 
voltage magnitude, the maximum active and reactive power 
generation etc. The control variables for the OPF evaluation 
are the real and reactive power generation of each generation 
bus and the real and reactive load at each load bus. 

Power Flow Control With Controlled Voltage 


II. POWER FLOW CONTROL WITH UPFC 

Better utilization of existing power system capacities by 
installing new power electronic controllers such as FACTS has 
become imperative. FACTS controllers are able to change, in a 
fast and effective way, the network parameters in order to 
achieve better system performance. FACTS controllers, such 
as phase shifter, shunt, or series compensation and the most 
recent developed converter-based power electronic controllers, 
make it possible to control circuit impedance, voltage angle, 
and power flow for optimal operation performance of power 
systems, facilitate the development of competitive electric 
energy markets, stimulate the unbundling the power generation 
from transmission and mandate open access to transmission 
services, etc. With the practical applications of the converter- 
based FACTS controllers—STATCOM, SSSC, and UPFC in 
power systems, computer modeling of these is of great concern 
for the planning, operation planning, and control analysis of 
the FACTS controllers. 


IV. MULTICONTROL FUNCTIONAL MODEL OF THE 
SSSC 


A. Operation Principles of the SSSC 

‘ A SSSC usually consists of a coupling transformer, an inverter, 
and a capacitor. As shown in Fig. 1, the SSSC is series 
connected with a transmission line through the coupling 
transformer. It is assumed here that the transmission line is 
series connected with the SSSC via its bus . The active and 
reactive power flows of the SSSC branch entering the bus are 
equal to the sending end active and reactive power flows of the 
. transmission line, respectively. In principle, the SSSC can 
generate and insert a series voltage, which can be regulated to 
change the impedance (more precisely reactance) of the 
transmission line. In this way, the power flow of the 
' transmission line or the voltage of the bus, which the SSSC is 
‘ connected with, can be controlled. 
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B. Equivalent Circuit and Power Flow Constraints of the 
SSSC 

An equivalent circuit of the SSSC as shown in Fig. 2 can be 
derived based on the operation principle of the SSSC. In the 
equivalent, the SSSC is represented by a voltage source in 
series with a transformer’s impedance. In the practical 
operation of the SSSC, V,, can be regulated to control the 
power flow of line i- j . 

It is proposed to improve the performance of the system by in 
presence of UPFC using all of its advantages. The UPFC 
equivalent circuit for steady state model is shown in Fig. 1 


I, He I, 
M n. S i 
v, ig 


Py + jQy Pa + JQ, 
Iş Busi Va  Busj I 
Ze + = A 
—> < 
vı Re{V,,1 4} =0 V; 
Figure 2. SSSC equivalent circuit i 
In the equivalent circuit, V=V,.29,., 


V,=V,26,,V,=V,26,, then the power flow constraints of 
the SSSC are: 
P =V? 8,-VV,(8, cos(6, —0,)+ by sin(@, —8,)) 

- VV,.(g, cos(@, —9,,) +5, sin(6, —9,,)) 
Q,=-V,b,-V,V,(g, sin@, -8,) -b cos(@, -9,)) 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


- V V (8; sin(@, —9,,) —b, cos(8, —6,,)) 
P,=V;'8,-V,V)(gy cos(0, —0,) +b, sin(@, —9,)) 
+ V Velg cosl, —6,,) +b, sin(O, —9,,)) 
Q,=—-V;b,-V,V,(g, sin(@, —0,)—b, cos@, —8,)) 
+ VV,.(g, sin(O, —0,,)—b, cos(0, -6,,)) (5) 
Where 8y + jbj=l/ Z a 8u= 8y 
bı=b,:8 ,=8yandb, =b; 
The operating constraint of the SSSC (the active power 
exchange via the de link) is 
me =ReV, Tp) =0 
Re(V, J T) =-V,V (8y cOs(0, — 0.) — by sin(8; —9,,)) 
+V Va (8, cos(0; —9,,)—b, sin(@, —0,)) 
of the shunt voltage source . 


V. OPTIMAL REACTIVE POWER ALLOCATION 
Minimization of voltage stability indices in a system forms 
the basis for the reactive power optimization problem. The 
model uses linearized sensitivity relationships to define the 
problem. The constraints are, the linearized network 
performance equations relating to control and dependent 
variables and the limits on the control variables. 
The control variables are: 
e The transformer tap settings (T) 
e The generator excitation settings (V) 
e The Switchable VAR compensator (SVC) 


settings (Q) 
The dependent variables are: 


e The reactive power outputs of the generators (Q) 
e The voltage magnitudes of the buses other than 
the generator buses (V) 
It is assumed that, 
e 1,2...g are the generator buses, 
e =g+1,g4+2,...,g+5 are the SVC buses ,and 
e g+st1,gts+2,...,0 are the remaining buses. 
The optimization problem can then be defined as, 


Minimize X (1-L,)? =C x 
Subject to 
Ps Sb=S xS bax 
mmn £X S X nsx 

a Ci is the row matrix of linearized 1 loss sensitivity 
coefficients and S is the linearized sensitivity matrix relating 
the dependent and contro] variables and are evaluated using 
the load flow sensitivity matrix and the results of the load flow 
analysis [1, 2]. A linear programming technique is applied to 
the above problem to determine the optimum settings of the 


control variables 
The control vector in incremental variables is defined as 


x=|AT,,.., AT, AV... AV, AQ, 41 AQ,,, | 


And the dependent vector in incremental variables as 


b=[AQ,,...AQ, AV pir AV pyar AV,, |! 


A. Computational Procedure 


This section presents the computational steps followed in 
the program developed for the optimization of reactive power 
allocation in an AC power system., the following are the steps 
used to obtain the optimal reactive power allocation in the 
system for improvement of system stability. 

Step 1: Input -data relating to system 
(i) Network, Scheduled load and generation 


(ii) Upper and lower limits and step size for 
transformers tap settings, generator excitation 
settings and Switchable VAR compensator 
settings 

(iii) Upper and lower limits on the generator reactive 


powers and voltage magnitudes at buses other 
than the generator buses. 
Step 2: Perform the power flow (or output of the state 
estimation) to obtain the values of voltage violations in the 
system and advance the VAR control iteration count. 
Step 3: Check for the satisfactory voltage profiles in the AC 
system . 
Step, 4: Compute the column matrices b™™ ,b™™ of the 
dependent variables. 


Step5: Compute the column matrices x™ mi of the control 
variables, 

Step6: Modify the matrices x™ and x™” to reasonably 
small ranges. 


Step 7: Compute the sensitivity matrix (s }, relating the 
dependent variables and control variables. 

Step 8: Compute the row matrix (C )of the objective function 
sensitivities wrt the control variables. 

Step 11: Solve the optimization problem using the linear 
programming technique. 

Step 12: Obtain the optimum settings of the control variables. 
Step 13: Perform the load flow with the optimum settings of 
the control variables. 

Step 14: Check for satisfactory limits on the dependent 
variables. 

Step 15: Check for the significant change in the objective 
function 

Step 16: Print the results. 


VI. TYPICAL SYSTEM STUDIES AND RESULTS 


A system of 24 buses (typical of Indian practical system 
including the voltage levels of 220kV and 400kV) is 
considered for studies as shown in Fig.3. There are 4 
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generators in the system connected at buses 1, 2, 3, and 4. 
There are 7 tap regulating transformers, 4 non-regulating 
transformers, and 17 transmission lines in the system. The 
loads are present at 220 kV side of regulating transformers. 
About 4 numbers of buses are considered as Switchable VAR 
Compensator (SVC) buses. The system has about 2620MW, 
980 MVAR peak load. Results for real and reactive power 
allocation obtained for the peak load condition are presented. 


A. Base Case 

The initial power flow studies are carried out without 
locating CVS in any transmission line, and the results under 
peak load condition are given in Table I. In this case, it is 
observed that a low voltage profile in the system with the 
voltages of about 16 buses is not being within acceptable 
limits (0.95-1.05 p. u.). There is no generator exceeding the 
maximum Q limits and the minimum Q limit and is given in 
Table II. 


TABLE I 
SYSTEM-GRID TOTALS 
Parameters Initial 
Total P Gen.(MW) 2684.98 
Total Q Gen. AR 1046.30 
Total P Load (MW) 2620 
Total Q Load AR 980 
Total P Loss(MW) 64.94 
TABLE II 


GENERATORS Q (MVAR) LIMITS 


950.0 -150.0 


320.0 -100.0 


-100.0 





B. ORPA Without CVS Location 


The proposed algorithm for reactive power optimization is 
applied to improve the situation. The step size taken for both 
the regulating transformers and generators excitations is 
0.0125 p.u. The total number of SVC buses selected for the 
compensation is about 4. After nine iterations of the VAR 
optimization the voltages at all the buses have been brought 
within the satisfactory operable limits (0.95-1.05 p.u.). The 
summarized results initial and after optimization (final) for the 
system are presented in Tables MI and IV. 


TABLE M 
SYSTEM-GRID TOTALS WITHOUT CVS 





Before ORPA 


TABLE IV 
GENERATORS Q (MVAR) LIMITS WITHOUT CVS 








C. UPFC Location in line 18-22 without ORPA 

In this case, it is proposed to improve the system 
performance by locating CVS in a transmission line connected 
between buses 18-12.The initial real and reactive line flows in 
this transmission line 170MW and -LOMVAR respectively. 
Four cases are considered for increasing the real and reactive 
line flows in the line 18-22 from initial real and reactive line 
flows and are given by 

Case 1: 185MW, 7.5 MVAR 

Case 2: 200MW, 10 MVAR 

The summarized results for the four cases are given in 
Tables V, VI, and VI. 


TABLE V 
SYSTEM-GRD TOTALS WITH CVS 


(MW) 
Reduction in ‘P’ loss(MW) 





Case 3: 215MW, 15 MVAR 
Case 4: 225 MW, 25MVAR 
TABLE VI 


GENERATORS Q (MVAR) LIMITS WITH CVS 


| 400.0 | -1000 | 


TABLE VI 
REAL POWER LOSS 


With CVS Location, without ORPD 
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Figure 3 Practical 24-bus Equivalent EHV system 


D. ORPA with UPFC Location in line 18-22 

In this case, it is proposed to improve the system performance 
by locating CVS in a transmission line connected between 
buses 18-12 and by carrying out the reactive power 
optimization. Four cases, same as in the previous subsection 
C, are considered for increasing the real and reactive line 


flows in the line 18-22 from initial real and reactive line flows. 


The summarized results are given in the Tables VIS, XI, 
and X. The improvements of voltage profiles and voltge 
stability indices are shown in Figures 3 and 4. 


TABLE VIO 
SYSTEM-GRID TOTALS 
Parameters Final 
Total P Gen. (MW) 2658.99 
Total O Gen. (MVAR 720.53 
Total P Load (MW) 2620 
Total Q Load (MVAR 980 
Total P Loss (MW) 38.98 
Reduction in ‘P’ loss (MW) 25.6 
TABLE IX 





TABLE X 
REAL POWER LOSS AND VOLTAGE STABILITY MARGINS 


ORPD with UPFC Location 
cid 
44,33 42.31 


1.1072 1.1955 1.1826 
Fe Na el 


From the above Tables VII-X, it can be observed that by 
optimizing the reactive power sources in presence of a 
controlled voltage source, the real power loss has been 
drastically reduced from initial loss 64.95MW to 
38.98MWsgiving a total reduction in loss of 25.6 MW. Also 
the reactive power outputs of the generators and voltage 
profiles are well within the limits. The improvement of voltage 
profiles in all the cases is shown in figure 4. 










Casel 
46.46 









10 


12 4 6 8 DBD R2 M 
Gus Numbers) ——-_-» 


Fig.4 Voltage stability indices before and after optimization 


E. ORPD with UPFC Location in line 18-22 under Line 20- 
23 outage Contingency 
In this case, it is proposed to improve the system 
performance by locating UPFC in a transmission line 
connected between buses 18-12 under the line 20-23 outage 
contingency by carrying out the reactive power optimization. 
Four cases, same as in the previous subsection C, are 
considered for increasing the real and reactive line flows in the 
line 18-22 from initial real and reactive line flows. The 
summarized results are given in the Tables XI, XII, and XMI. 


TABLE XI 
SyYSTEM-GRID TOTALS 

Parameters Final 
Total P Gen. (MW) 2659.21 
Total Q Gen. (MVAR 804.69 
Total P Load (MW) 2620 

Total Q Load (MVAR 980 
Total P Loss (MW) 39.20 

Reduction in ‘P’ loss (MW) 40.17 
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2 
MVAR MVAR 





48.15 45.53 


“pra e 

From the above Tables XI-XII, it can be observed that by 
optimizing the reactive power sources in presence of a 
controlled voltage source under network contingency, the real 
power loss has been drastically reduced from initial loss 
79.37MW to 38.20MW giving a total reduction in loss of 41.17 
MW. Also the reactive power outputs of the generators and 
voltage profiles are well within the limits. The improvement of 
voltage stability indices in all the cases is shown in Figure 5. 





VII. CONCLUSIONS 


A multi-control functional model for the SSSC suitable for 
power flow control is used in this paper. The model has 
explored the multicontrol options of the SSSC such as 1) the 
active power flow on the transmission line; 2) the reactive 
power flow on the transmission line; 3) the bus voltage; and 4) 
the impedance (precisely reactance) of the transmission line, 
etc. Furthermore, within the model, the operating voltage and 
current constraints of the SSSC have been fully considered. 
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Fig.6 Voltage stability indices before and after optimization (ORPD with 
UPFC) 

An algorithm for optimum allocation of reactive power in a 
practical system with an objective of improving the loss 
reduction, voltage profiles and voltage stability indices has 
been presented in this paper. The developed algorithm has 
been tested on typical sample systems and results for a 
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practical real-life equivalent system of 24-bus are presented. 
The proposed algorithm is demonstrated to give encouraging 
results for improving the operational conditions of the system 
under both peak load and light load conditions. The results 
on the equivalent practical system illustrate the application of 
the approach for large power systems. 
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Abstract: The occurrence of voltage collapse is very much 
dependent upon the maximum load that can be supported at a 
particular load bus. Any attempt to increase the load beyond this 
point could force the entire system into instability, leading to 
voltage collapse. This would indicate that the power system 
physically could not support the amount of the connected load. 
This work demonstrates the use of voltage stability index (VSD 
and Fast Voltage Stability Index (FVSD, in order to estimate 
maximum loadability of a particular load node in the system. The 
process involves an evaluation of voltage stability condition of a 
system by computing the VSI and FVSI for each line. The point at 
which FVSI closed to a predetermined FVSI limit indicates the 
maximum possible connected load to a node termed as maximum 
loadability. The operating margin in a system can also be 
estimated by taking the difference between the load at the base 
case and the maximum load. The estimated maximum loadability 
on several load nodes allows the identification of a weak node in 
the system. The load nodes were ranked according to their 
maximum loadability, where the load node having the smallest 
maximum loadability was ranked highest, hence this node was 
identified as the weakest bus because it can withstand only a 
small amount of load increase before causing voltage collapse. 
This technique was tested on the IEEE Reliability Test System 
(RTS) and results proved that the proposed technique is able to 
estimate the maximum loadability in a system. exceed the 
maximum loadability, hence violating the voltage stability limit 
Unfortunately, most of the conventional load flow methods are 
unsuitable for distribution systems because they are mostly based 
on the general meshed topology of a typical transmission system, 
where as most distribution systems have a radial or tree 
structure. Voltage instability phenomenon in power networks is 
highly nonlinear in nature posing operational as well as 
prediction problems in power systems. The main concern of 
researchers in this area today is that there appears no 
computationally efficient analytical tool for voltage stability 
analysis. 


Key words: Voltage stability index, MATLAB,IEEE 69-node 
System 
I. INTRODUCTION 


HE modern power distribution network is constantly 
being faced with an ever-growing load * demand. 
Distribution network experience distinct changes from a low to 


t \ 
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high load level everyday. Numerous problems have to be 
attended in monitoring the operation of such system, which 
includes various switching operations for shifting loads, etc. In 
addition, most modern networks have to operate taking into 
consideration the minimization of losses so as to achieve high 
efficiency. In certain industrial areas, it has been observed that 
under certain critical loading conditions, the distribution 
system experience voltage collapse. Voltage collapse is a local 
phenomenon. It occurs at a bus within the area with high loads 
and low voltage profile. Due to the rapid growth in power 
demand, voltage collapse has been experienced. When such 
incident occurs, some industrial loads will be disconnected 
through automatic cut-off switches resulting in severe 
interruptions. Hence, it is a major concern in power 
distribution networks, which have surfaced fairly. 
Unfortunately, most of the conventional load flow methods are 
unsuitable for distribution systems because they are mostly 
based on the general meshed topology of a typical 
transmission system, where as most distribution systems have a 
radial or tree structure. Methods like the Newton-Rapson 
method and Guass-Seidal method do not exploit the radial 
structure of the distribution system and require the solution of 
a set of equation, where size is of the order of the number of 
buses. This would result in more computation time. In 
addition, the Ybus matrix is very sparse, and this implies 
wastage of computer memory storage. Hence, conventional 
methods are not efficient for distribution systems. Another is 
due to the higher R/X ratio of distribution systems. This is a 
factor, which causes the distribution system to be ill condition 
for conventional power flow methods, especially the Fast 
Coupled Newton method, which diverges in most cases. 
Developing algorithm for solving load flow problems for 
radial distribution system is an on going process. As already 
said conventional load flow methods of transmission systems 
are not suitable for distribution systems. Many researches have 
suggested modified versions of the conventional load flow 
methods for solving distribution network by considering it as 
ill conditioned power network. They include admittance 
matrix, Jacobin, Trigonometric functions that results in large 
computational time. In this paper, a simple load flow technique 
is proposed: for solving radial distribution networks using 
sparsity technique. It requires simple algebraic equation for 
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calculating the receiving end node voltage. Voltage instability 
phenomenon in power networks is highly nonlinear in nature 
posing operational as well as prediction problems in power 
systems. The main concern of researchers in this area today is 
that there appears no computationally efficient analytical tool 
for voltage stability analysis. M.Chakravorty and D.Das have 
offered a new technique for the voltage instability analysis, 
solving the earlier difficulties in mathematical modeling. They 
have proposed an efficient model for voltage stability analysis, 
in particular the use of the voltage stability index (VSI). 
Through this index one can measure the level of voltage 
stability and thereby instability. Appropriate action may be 
initiated if the index indicates a poor level of voltage. Most of 
the voltage stability condition was conducted using voltage 
stability index or proximity as measuring instruments. 


Fig 1.1 IEEE 69-Node Bus Performance Indices 
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As far as islanding to be considered as one of the remedial 
measures for blackouts, determination of the criteria based on 
which the decision for islanding is important. In particular the 
vulnerability of the distributed distribution line or/and the 
transmission line has to be estimated and the most critical ones 
have to be identified to achieve at a effective forced island 
formation. For this, the most important electrical parameter, 
voltage is taken into consideration. The sensitivity factors are 
termed as performance indices. Different distribution lines are 
ranked with highest priority given to the least stable system. 
Some indices work better for particular power systems under 
particular operating conditions. Hence a combination such 
indices always give a clear-cut idea or view about the system 
sensitivity. Good indices can produce fast and accurate results. 
The main purpose of framing these indices is to give a cut-off 
point between stable and unstable contingencies in the ranking 
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phenomenon. To arrive at this the contingencies are 
predetermined before actual calculation of these indices. These 
indices are calculated for the predetermined period of time and 
for a predetermined set of operating conditions. We are 
considered are two performance indices. They are 

1) Voltage stability index (VSI) 

2) Fast voltage stability index (FVSI) 
As the load increases drastically the stress imposed upon the 
power system also increases. This stressed condition may 
immediately reflect upon the system voltage. Voltage collapse 
prediction is important in power system planning and 
operation. The voltage level variation with time is shown in 
Fig. 2.1. It cannot be used to calculate the index, as it is 
inadequate for large system. So the degree of stability is used 
to calculate the index called Fast Voltage Stability Index. 
Apart from the load variations, line outages could also 
contribute to voltage collapse considerably 
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Fig 2.1 


So the severity of the voltage instability condition in a 
power system due to line outages is also calculated. For an 
outage on any line in the system, the index is calculated for 
every other line taking into consideration the different 
operating conditions. Then these indices are sorted in the 
descending order to identify which line is the most liable one 
to the collapse for a given outage on any line under concern. 
The same analysis is repeated for every other possible line 
outage. The contingency, which yields the highest value of the 
FVSI mostly exceeding unity, is given the highest ranking. The 
ranking of contingencies assists in identifying the outage, 
which gives the most affecting voltage stability. Apart form the 
analysis the weakest bus and the strongest bus can also be 
identified for any loading condition taking in to consideration 
the maximum permissible loading limit. 


HI INDEX FORMULATION 
Voltage stability index is an instrument to analyze the voltage 
stability. This index speeds up the analysis and hence called 
Fast Voltage Stability Index [FVSI]. It can be either referred to 
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a bus or a line but here it refers to a transmission line. For 
safer operation of the system it is preferred that FVSI should 
be less than unity. FVSI value closed to 1.00 indicates that the 
particular line is on the verge of instability. When the FVSI 
value exceeds unity it indicates that the corresponding 
transmission line or the bus is highly unstable and highly prone 
to collapse. Let us consider a two-bus system as shown in 


Fig 3.1 
W w 
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Fig 3.1 


S (DEP (D+HQ (1) SP CHQ Q) Z=R+jX 
The line current can be expressed as 
ea 2 ð, -V,LZ ĉĉ, 

R + jx 


The complex power is expressed as S, = V.I’ 


a 6D) 


s 1, ={5,/V, F ... 3.2) 
Equating the expression 
Sa _ V,26,-V,246, <. 3.3) 
V, R+ jx 
P, + JQ, | _V,£6,-V,26, ..- 34) 
V,26, R+ JX 
P,- JQ, _V,26,-V,468, 35) 
V,2-6, R+ JX 
Cross-multiplying the above expression 
{P,- JQ, UR +iX }=V,2-8,V,26,-V,25, } 69 
RP , — jRQ, + JXP,+XQ,=VV,2-6,-26, 6D 


IRE+XQ }-ARQ—XR }=VV;ICofs -6,)—jSi65 -6,}-V'2 
... (3.8) 

Equating the real and imaginary parts 

RP , + XQ , =V,V,Cos (6,-6,)-V,? --- G9) 
XP ,- RQ , = ~V V,Sin (5, -8,) (3.10) 
—V,V,Sin (5, -6,)+ RQ, 

a E 

This quadratic equation when solved gives the solution for 


(3.11) 


FVSI= 4Z°Q, <1 
V/X{(R/X Bin ( 8-5, )+Cos( 8-8, ) F 

In general this formula is sufficient for a system to be stable. 
This index is used for analyzing the stability of any line and 
the instant at which it jumps to unstable condition when load 
changes or any line outage occurs. The voltage stability index 
computes the proximity of a bus in the distribution network to 
voltage collapse. Using the VSI one can easily identify the 
node that is most vulnerable to voltage collapse and thereby it 
is possible to initiate appropriate action. It is shown that the 
node having minimum voltage stability is most prone to 
voltage collapse. The mathematical expression for VSI is 


simple and it is derived from the load flow equation for the 


fig!.3 
The mathematical expression for VSI is simple and it is 
derived from the load flow equation 


2 
Nal Hea Quy OFM Gy ry DRG +Qu) F- 
(ry Poaty + FGy2 Gory ~ 9-5 ef) Y} 3.12 
A= {ry Pear + XG) Qe) _ 0.5|V,| )? } } 
2 
B= Oy +4) Ry +AU | -Ra + Qa O55] ) 


Where,Node no., i=1,2,..., nd Branch no., j=1,2..., nd-1 
nd=total no. of nodes 


B(j)~ ACj)2 0 3.13 
(@(/)- AG) ¥ z0 3.14 
B: G)- a G+ 247 G)-2B8 GAU) 0, 3.15 
lB 0)- a?G)le 2AGYBG)- aG) 3.16 


The left hand side of equation (3.3) is derived from 


B*(j)- 4° U)={U)-Z U) (P (n2)+0° (n2) ) }- °C) 


= -Z° (j) (P? (n2)+Q?(n2)) 3.17 
From equation 3.13 and (3.14) 
-Z'() APE) Je 2G BG)- AG) ] 348. 


But z*(j)x (P? (n2)+ Q* (m2)) cannot be negative 
B (j)- ACj)> 0 rz? (j)x(P*(n2)+Q*(m2) ) S- 
2a Ge G)-AG)] 

P(m2)x R(j)+ Q(m2)x X(j)- 0.5x|v(ml]* <0 
0.5 |v (m2)? — P(m2)x R(j)— O(m2)x x (j) > 0 


VSI= 


3.19 


3.20 


we Pe hese sun Dive Been Dvds 


Where VSI is the voltage stability index of the (m=2,3,4,..) for 
secure and stable operation SI of (m2)>0 for all nodes the 
node where SI (m2) is found to be minimum the most sensitive 
to the voltage collapse. 


Cv mm Mew VW ote 
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IV. RESULTS 


To demonstrate the effectiveness of the pro method, to 
examples consisting 69 node and 33 node radial distributaries 
systems are considered 

FVSI: The load at each node is increased gradually and the 
node at which the voltage collapse occurs is identified. It is 
observed that when the load was increased gradually, the 
Maximum value of FVSI is occurring at minimum voltage 
node i.e node 65, as given in the table (4.1). 


Table 4.1 Critical loads at node 65 for different load conditions 


“pan Tou loading ue 
TOL 


acl rath 19.14687 


VSI: The load at each node is increased gradually and the 
node at which the voltage collapse occurs is identified. It is 
observed that when the load was increased gradually, the 
minimum value of VSI is occurring at minimum voltage node 
i.e. node 65, as given in the table (4.2) 


Table 4.2 Critical loads at node 65 for different load conditions 


aay [ora loading ea 
| Min VSI | Vain p.u | 


ofa 15.333562 | 0.000082 | 0.068851 
27.460156 | 0.000022 | 0.065462 
13.63304 | 30.092259 0.072461 


FVSI: The load at each node is increased gradually and the 
node at which the voltage collapse occurs is identified. The 
test is repeated for three different substation voltage levels. It 
is observed that when the load was increased gradually, the 
Maximum value of FVSI is occurring at minimum voltage 
node i.e. node 27, as given in the table (4.3) 


Table 4.3 Critical loads at node 27 for different load conditions 
Critical loading condition 


Max 
= [aus [owen | Ta 


| 1 (15312616629 616629 | 10827.448384 | 0.999918 | 0.084797 


VSI :The load at each node is increased gradually and the node 
at which the voltage collapse occurs is identified. The test is 
repeated for three different voltage levels. It is observed that 
when the load was increased gradually, the minimum value of 
VSI is occurring at minimum voltage node i.e. node 27, as 
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given in table (4.4). 
Table 4.4 Critical loads at node 27 for different load conditions 


w | Critical loading condition 
“i LEW | TOUKW) [Min VSI [Youn | 


[1s nee 


To demonstrate the effectiveness of the proposed the method, 
a 69 node radial distribution network is considered. in the 
present work, the study of voltage collapse at a particular node 
of the given distribution network is done by using different 
load compositions, i.e., constant power, constant current, 
constant impedance and exponential loads respectively and 
comparative study is made. The load at each node is increased 
gradually and the node at which the voltage collapse occurs is 
identified. This test is carried out for the four different types of 
load. For each load type, the test is repeated for the two 
different substation voltage levels. 

Case-IFVSI :A comparison in voltage behavior for different 
types of loads as well as for different voltage level has been 
made. When the load was increased gradually, maximum of 
Fast voltage stability index (FVSD are occurring at node 65. 
Therefore, it can be concluded the node 65 is most sensitive to 
voltage collapse. It was observed that node 65 has the mini 
mum voltage of 0.91953p.u. 

Case-II VSI: A comparison in voltage behavior for different 
voltage level has been made. When the load was increased 
gradually, minimum of voltage stability index (VSI) are 
occurring at node 65. Therefore, it can be concluded the node 
65 is most sensitive to voltage collapse. It was observed that 
node 65 has the minimum voltage of 0.91953p.u.Graph (4.4), 
(4.5) and (4.6) show the plots of total reactive power load 
(TQ) against VSI and FVSI at node 65 with different sub 
station voltage levels. The critical loading points or collapse 
points are indicated beyond which a small increment of load 
causes the voltage collapse. Another observation made from 
the shape of the plots is that the voltage stability index of a 
node varies almost linearly decreasing with reactive power 
loading and the Fast voltage stability index of a node varies 
almost linearly increasiNG with reactive power loading. The 
VSI and hence voltage at that node are minimum for constant 
power load and maximum for constant impedance load and for 
constant current load lies in between these two values. The 
FVSI and hence the voltage at that node are maximum and 
minimum respectively for constant power load and maximum 
for constant impedance load and for constant current load lies 
in between these two values. 

The results are shown in the graphs 4.1,4.2,4.3,4.4 
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Graph (4.1) represents 1.0 p.n. Substation Voltage 
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Grraph (4.3) reprerents 1.1 p,m. Substation Voltage 
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Graph (4-4) represents 1.8 pn. Substation Voltage 
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V. CONCLUSION 


In this work, the algorithm for load flow solution of radial 
distribution network has been extended to determine voltage 
stability index (VSI) and Fast Voltage Stability Index (FVSD. 
An efficient algorithm is proposed for radial distribution with 
the indices of VSI and FVSI. With the expressions for VSI and 
FVSI, it is possible to compute the indices at every node and 
identified the node at which the value VSI is minimum and 
FVSI is maximum, is most sensitive to voltage collapse. 
Effectiveness of the proposed technique has been 
demonstrated through a 69-node radial distribution network. 
The VSI and FVSI (and hence the voltage) at a particular node 
has been found to vary linearly with change in load till the 
critical collapse point is reached. Beyond this critical point the 
load flow method is found to fail as voltage collapses abruptly 
with very small changes in load. It is observed that the critical 
point for FVSI is occurring before the critical point for VSI. 
Hence FVSI is most sensitive to change in loads than the VSI. 
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Abstract—In this paper an analytical technique to determine 
voltage stability limit being developed using the optimal power 
flow (OPF) Newton method, the effects of varying load condition 
on voltage stability limit have been observed using the proposed 
criterion of singularity of the Hessian in the optimal power flow 
equations. Magnitude of reactive power sensitivity at a load bus 
to assess the bus voltage stability has also been explored using 
optimal power flow technique. The proposed technique has been 
applied in a typical six bus weak system and an IEEE 14 bus 
system to assess the weakest bus in the network and to determine 
voltage stability limit using the OPF. 


Key words—Voltage stability, Hessian, Optimal power flow 


Notations used: 
Qi» B; andy; are the cost coefficients and 


P, = real power generation at i-th generator bus, 
t 


NG = total number of generators, 


Fo = cost of generation at i-th generator and 


F, 


A = total cost of generation in the system. 


total 
Yin = Giz + jBig = ik-th element of [Ypus | matrix, 

\v;| = voltage magnitude of i-th bus, 6; = voltage angle of i- 
th bus 

|v, A = voltage magnitude of k-th bus and Ô ¿ = voltage angle 
of k-th bus 


I. INTRODUCTION 


The problem of voltage control and voltage stability has 
been a topic of great interest since late of last century 
[4,8,9,15]. This aspect attained further momentum of research 
in voltage stability related investigations in longitudinal 
power supply (LPS) systems [3,10,12]. The system voltage 
stability being a dynamic phenomenon [7,11], frequently 
voltage stability is threatened in weak power systems due to 
dynamic load increase and/or line trip. Literature survey 
reveals related developments of the physical concepts and 
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mathematical backgrounds of voltage stability on basis of 
load flow solution feasibility [1,12], singularity of Jacobian 
[9], bifurcation technique [13] and optimal power flow [2,6] 
etc. It has nowadays been an accepted proposition that 
singularity of the Jacobian in the load flow solution indicates 
critical state of voltage and the voltage stability index can be 
obtained from feasibility of the solution to power flow 
equations for each of the buses [4,5] in multibus power 
network. 


Optimal power flow has diverse fields of application in 
power system operation and control in terms of power 
generation and as well as stable operation of power system 
[6]. Voltage stability may be assessed using optimal power 
flow calculation and corrective measures may also be taken 
[2] accordingly. 


In this paper Newton’s method of optimal power flow has 
been used to assess voltage stability in a weak six bus system 
as well as in a robust IEEE 14 bus system. Weakest buses of 
the test systems being detected checking the magnitude of 
reactive power sensitivities of those buses [16], determinant 
of the Hessian matrix [H] has been taken as an indicator to 
assess voltage stable states of the system considering all 
marginal costs as well as all operational constraints of the 
system. 


U. THEORY 
The cost function ( Fe, otal ) of a N-bus power system having 


NG number of fossil fuel units is given by 
= ¥r,= Sailr, Y +6? 
= = af ) + Pilg. +Y 
ne ŝi 8 
unit of cost /hr, 
The aim of optimal power flow (OPF) is to optimise the cost 
function subjected to following constraints: 
(i) active power balance in the network 
P,V|5)- Pe —Proad , =9 for i= 1,2,3,...,N 


F, 


“total 
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where P =active power injection at i-th bus and is a 
function of v] andô. For load buses [i.e for 
i=(NG+I)(NG+2)....N], Pp, =0; 
E 

(ii) reactive power balance in the network 

Q;:V.5)- Qs, -Qioad , =0 for i=(NG+1)...,N 
where Q; = reactive power injection at i-th load bus and is 
also a function of |V|and 6; Qs, 
generation at i-th bus; 
(iii) security related constraints (also called soft constraints); 

these constraints are as follows 


(a) limits on real power 


=reactive power 


generations, ie. 


Papp SPa SPa, POT i= 123,....NG 
(b) limits on reactive power generations, i.e., 


Qs in SQ, Op, x for i = 1,2,3,...,NG, 


(C) limits on voltage magnitudes of load buses 
Wilmi SMil Wilma for i=(NG+J)...,N 
and 


(d) limits on voltage angles of all of the above buses 
excluding slack bus Ör in $0; $6; ax for i = 2,3,...,N. 


The real power injection at bus-i can be expressed as [14] 
N . 
P = Z ViMellu cos(5; -Ôp ) + By sin(S;-5,)} (1.1) 
Now reactive power injection at bus-i [14] is given by 
N 
Q, = RAL [Cu sin(5; - 5, )- By cos(6; -5,)] (1.2) 


The constraint minimization problem can be 
transformed into an unconstrained one by increasing the load 
flow constraints into objective function. The additional 
variables are known as Lagrange multiplier functions (or 
incremental cost functions) in power system optimisation. The 
Lagrangian function then becomes 


uP, Ld) E Fee, ) 
+ Bap [r fv|5)- Pg, + Proad | 


N 
+ È tg [OifV/5)-Op, +Q] 
ees 4; Aig ) 8] load į 
where Ap, and Ag, are Lagrangian multiplier for active 


‘power and reactive power balance at the i-th bus respectively. 
The optimisation problem can be solved, only if the 
following equations are optimally satisfied; 
OL oF 


= =A, , fori = 1,2,3,...,NG 
3P, oP, PRR 
i i 


L _ oH}, & dQ, 
dô; Z| k as Eee a | 


G.1) 


for i = 2,3,...,N (3.2) 
Also from equation (2) we can write 
ƏL f 
a PAV|S)- Py + Proad, for i=1,2,3,....N 33) 
N OP; N dQ; 
and 2- ZA XY la = 
avi Al Pk ale oa 1 A 
for i=(NG+1}...,N (3.4) 


ps to this, 

oe = O;(V|.5)-O, + Oivaa, for 1=(NG+7)....N (3.5) 
Any small variation in control variables about their 

initial values can be obtained by forming total differentials as 

shown below: ; 


NG ƏL N L 

1AP mAs 

z 8 * 22h, 06; k 
ƏL 3 a7L 

=l Ps, “n Pk a OP, Og 

+ 

a, T zi ee 


Ps, 





for i= 1,2,3,..., NG (4.1) 
NG L N aL 
SCAP: ee AS 
fo 05;0P,, + 2 dss * 
N XL N PL 
+5 nAn + E AA 
p d5j0Ap | Pk peNG+I 05,0Aq, qk 
N FL 
y, for i=2,3,...,N (4.2) 
b=NG+1 0594 Avs 
3L N ƏL 
F + ¥ A 
b=] dåp OPp, K=29Ap 05, * 
N FL N ƏL 
ES eNA a 
k=] dhp, rs Pk pNG4I = dg, ak 
$ 
Ob fot = 1,23,...,N (4.3) 
rere ii, =A ma, ay, oMel= - Ap, 
NG JL N L 
————— AP Ad, 
k=] 2 WV, aVi[OP, 8k + 2 vos av; loô; 
ƏL N L 
+ $ ee Ewer} + È —-—AA 
k=] alv; E Pk k=NG+I] ne ak 
È eal 
ty F c j Ea | 
for i=(NG+/)...,N (4.4) 
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NG ðL N FL 
SLAP ee eb: 
kal Aa, OP,, fare da 06, 
N L N 3L 
eS a AÀ 
ores ae ae, hese Vy, dg, 


Š 


eee a F a p 


i 
for a (4.5) 
Equations (4.1-4.5) can be written in matrix form as shown in 
equation (5.1); 





LC E L a A 
Serner a niaaa stetntetntaded haotainn iaa 
E i a ee 
Happy | Hap | 7 i 5 | toM 
o i Hys | Hwa. | Avia. | Alay 
Ea (Fie | Five | Hiva | Mia 
OPA A e E 
[7] 
AP, Tr 
Að Js 
x| AA |= Jap (5.1) 
AA, Jy 
ayi] | Ja, 
a 
Vy] 
or, [H ][Change in control variables]= [/] (5.2) 


Where [H] and [J] are conventional Hessian and Jacobian 
matrices respectively. Starting from initial data of an 
interconnected power system optimal power flow solution 
may be achieved by solving equation (5.1 or 5.2) using 
iterative process. In this method there is no need to separate 
load flow study; moreover this method has been observed to 
be faster with more accuracy as in optimal power flow, both 
power generations and voltages are calculated simultaneously 
considering the economics of operation with all system 
constraints taken into account. 

Again, ðQ; /av;| being the reactive power sensitivity of 
the i-th bus, it inherently indicates the degree of weakness for 
the ith bus (as with 3Q;/ƏV;| being high, 30,/dV;| 
becomes low indicating minimum change in |V;| for variation 
in Q-status of the bus). Thus in a multibus power network, at 
bus-i, 0Q; / a;l being higher, the degree of weakness of the 


i-th bus becomes lesser. 0Q;/9|V;|can be calculated from 
equation (1.2) and comparing the magnitudes of all 
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2Q;/dV,| the weakest bus in the system can be identified. 


Also with the determinant of Hessian matrix ([H] matrix in 
equation (5.2) approaching zero, there will be a large change 
in control parameters of this state and therefore the critical 
point of optimal power flow solution, beyond which there 
will be no possible generation; can be identified. This state 
also represents the voltage stability limit. 


HI. SIMULATION 
The proposed theory has been applied to a sample 6 bus, 8 
lines interconnected transmission line model (typically 
similar to that of a sub-grid in LPS systems) as well as in a 
IEEE 14 bus test system. The flowchart for the system 
simulation has been shown in Fig.1. 








Read 





1. No. of buses 
2 [Ybus] matrix 
3. 


Optimal power flow data 


Increase ioad at the weakest 
bus of the system m step 


Apply N-R method optimal power 
flow to get fmal values of control 


Fg, 5, Ay, Ag, PD 


and also compute Aja] 








variables Qe. 


Does the 
iterative process 
converge? 








Find reactive power injection at 
generator buses from equation Ci 2), 
reactive power 









Store Finel values of 
Py: E» Ay, Ags | ALI, 
aQ jay] mnd Q, 





Fig 1° Flow chart of the proposed method 
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Table la and Table 1b exhibit the p.u. impedances and line 
charging susceptances of the respective systems. 


Table 1a - impedances and line charging (in p.u.) 
for six bus test system 


1.05 +700 
102+ 700 





Table 1b - Impedances and line charging (in p.u.) 
for IEEE 14 bus test system 





In each of the simulations the weakest bus has been 
detected by observing the magnitude of 3Q/əfv| for the 


respective bus (for weakest bus this value being the 
minimum). Results revealed that bus number 6 is the weakest 
bus in the six bus system while bus number 14 is the weakest 
in the IEEE 14 bus system. In order to make the system more 
realistic, dynamic loading has been applied in each part. 
Fig.2a and Fig.2b exhibit the profile of the values of 
determinant of the Hessian with respect to the increase in 
reactive load at the respective buses in the two test systems. 


The ‘nose’s of the characteristics of AJH | against reactive 


loading at load bus are obviously the points of singularities. 
An extended simulation reveals that enhancement of both 


active and reactive load reduces Ajg | more rapidly and 


thereby pushing the system towards quicker voltage 
instability (Fig.2a) since the critical limit of stability is 
governed by the zero value of determinant of [H]. 

Fig.3a and Fig.-.3b show the profiles of bus voltage 
magnitudes at the weakest buses of the respective systems 
with variation of reactive loading at the designated weakest 
buses. It may be observed that following higher reactive 
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power demand the bus voltage collapses at the critical state of 
voltage stability. Enhancement of both active and reactive 
load reveals same observations similar to those obtained in 
Fig.-2a and Fig.-2b. 

88518 
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Fig.-4a and Fig.4b exhibit the change in reactive power 
sensitivity of the weakest bus in the system with increase in 
reactive load at that bus. From the figures it is clear that as 
the system become more and more stressed, the reactive 
power sensitivities of the load buses reduce thus leading the 
system towards voltage instability. This effect is more 
pronounced in case when the bus is weaker. This process is 
fastest in the case when both active and reactive loads are 
increasing at the concerned bus and the effect may be 
vulnerable to the bus voltage if the process is uncontrollable. 
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Va bas syste 
IV. CONCLUSION 
This investigation reveals that there is a strong 


interconnection of voltage stability with optimal operation of 
the system. Voltage stability of a system can be assessed in 
better way by adopting optimal power flow algorithm, as in 
OPF algorithm, all the operational constraints of a power 
system are tied together (i.e., angle instability, voltage 


stability and economic operation of the system). Assessment - 


of degree of weakness in terms of voltage stability of a load 
bus, using reactive power sensitivity, has also been found to 
be very effective in optimal power flow technique. The 
developed method finds application in both LPS and robust 
power systems. 
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Abstract—-This paper presents a single cycle mathematical model 
for harmonic power in d-q plane. Sampled power system data 
have been transformed into d-q plane. Fundamental frequency 
has been identified with the help of an arbitrary reference signal 
and then on the basis of this fundamental frequency some other 
specific reference signals have been defined. In d-q plane, 
sampled voltage and current data are plotted against those 
reference signals. Areas covered by the curves have been 
calculated, wherefrom, contribution of harmonic components in 
active power and reactive power have been measured. 


Key words—Active power, d-q plane, harmonic power, reactive 
power. 


I. INTRODUCTION 


ARMONK generation has increased to a great extent with 

the increase in complexity and use of semiconductor 

devices in power system. This harmonic generation 
degrades the quality of electric power, which refers to 
maintaining the near sinusoidal waveform of power 
distribution bus voltages and currents at rated magnitude and 
frequency. Contribution of harmonics has increased due to the 
use of power converter; nonlinear loads like switch-mode- 
power-supplier and phase control rectifiers in distribution and 
transmission networks. The other major contributors to poor 
power quality are harmonics component of reactive power. 
Solid-state control of ac power using high-speed switches is 
the main source of harmonics whereas different non-linear 
loads contribute to excessive drawl of reactive power from 
supply. It leads catastrophic consequences such as long 
production downtimes, mal-function of devices and shortened 
equipment life. A lot of problems are created by current 
harmonic like equipment overheating, motor failure, machine 
vibration, capacitor fuses blown, excessive neutral currents, 
inaccurate power metering, etc. 


Researches are going on for long to study the effects of 
unbalance and harmonics on power quality in a power system 
[1J-[3]. In a non-sinusoidal and unbalanced environment, some 
practical definitions have also been suggested [4]-[6]. A new 
approach for designing power acceptability curve has been 
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proposed [7]. In such conditions measurement and monitoring 
of power quality in respect of its unbalance and harmonics 
have been presented in different publications [8]-[13] and 
different modern mathematical tools have also been utilized to 
estimate the unbalance in power in a system [15]-[17]. There 
are several existing methods for the detection of the current 
harmonics like fast Fourier transform (FFT), instantaneous p-q 
theory, synchronous d-q reference theory, analog or digital 
filters, etc [14], [18]-[24]. In some cases passive filters are 
also used, but they are having the drawbacks of bulky 
components, fixed compensated characteristics, sensitivity to 
line impedance, and series and parallel resonance with system. 

In this paper a single cycle mathematical model for 
harmonic power in d-q plane has been presented. Sampled 
power system data have been transformed into d-q plane. 
Fundamental frequency has been measured with the help of an 
arbitrary reference signal and then on the basis of this 
fundamental frequency some other specific reference signals 
have been defined. In d-q plane, sampled voltage and current 
data are plotted against those reference signals. Areas covered 
by the curves have been calculated, wherefrom, contribution of 
harmonic components in active power and reactive power have 
been measured. 


Il. MATHEMATICAL MODEL 


A. Area and Power 
Let us define two sinusoidal waveforms 


x= J X, sinnat-—,) ®© 
mal, 2,3, mu 

y(t)= DY, sin (no t-0,) (2) 
anl,2,3,. . 


where, m and n are order of harmonics in x(t) and y(t), 
respectively and @ is fundamental frequency. @ is assumed 
to be constant in one complete cycle. The area covered by 


these two waveforms in x-y plane in one complete cycle will 
be 


TOTAL = [xxdy 
=k, X Ý nX „Y, sind,., 


where, Pin = Pm — Fn 


(3) 
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The area covered in xy-t plane in one complete cycle is 
AS = [xx ydt 
È X,, sin(mnot-p,) 


= eee 
x VY, sin (nw t-6, dt 
n=],2,3,. .~ 
=k,x)'X,,Y, cosd, (4) 
where, „n =P, — 9, and k, isacons tant 


B. Voltage and Current in d-q Plane 


In presence of harmonics, voltages and currents in Park 
domain can be derived from phase voltage multiplying by Park 
transformation matrix as follows 


Y Vin sin(mat — Din ) 


Va m=l,2,3. . 

v |= Y Vya sin(max -Pn ) 
ar=l,2,3... 

Vo Vo 


S Ven SIMO t- Pay) 
MEL, 2,3 pees.. 

S Vm Sin (mO t—27/3— Pyn) 
mm, y3 pons. 

Y Von Sin (MO t -4513 -— Ppa) 


mml, 2,3, see 


x 


(5) 


Similarly, currents in d-q plane can be written as 


Yla sin(nat —@,, ) 


la a=l,2,3_. 

i, |=| >, sin(rar—0,,)| = 
R rel 2,3... 

lo I, 
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1 1 l 
2 2 2 
Y Len Sin(n@ t— Opn) 
nal, 2,3... 
x| J Insin (nw t-22/3-6,,) | (© 
nm) ,2,3,...00 
$ Ie Sin (nO t- 40 /3-O,,) 
n=t,2,3, seee 


C. Assessment of Fundamental Frequency 


For distortion factor analysis contribution of fundamental and 
harmonic components should be isolated. A reference signal has 
been defined for assessment of fundamental component of 
voltage waveform as 


R, (t) = sin œt (7) 

Here, @, is fundamental frequency of the reference signal. 
Fundamental frequency of the reference signal @, must be 
equal to the fundamental frequency @ of the real signal 
collected from the power system, which is initially an unknown 
quantity. To select the, value of @,, first take, 
@, =50+AqQ, where, AQ) is a small incremental value. If 
this reference signal is plotted against any one signal of v}, 
V,, 4, and i, which have been derived from the real power 


system data, then the starting and ending point will not meet 
each other. There will be a finite gap between these two points 
as shown in fig. 1. 


at 





“1 086 06 04 02 


o 02 04 


Fig. 1 Curves formed by Rv, and v, having unequal 
fundamental frequency 
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If @ is changed gradually by changing A@ in such a way I, = (K, Au Rn y +(K,Ay%- Ý (18) 

that the starting and ending points come closer to each other pe 

then, it can be said that @, is approaching towards @ . When 6, = tan” [se | (19) 

starting and ending points come at minimum distance from K Ag” 

each other, ideally zero, then it can be said that @,=@ . Then In active and reactive power only harmonics components of 


ae same order contribute. Using (14), (15), (18) and (19), reactive ' 
the reference signal for assessment of fundamental component and active power contributed by n™ order of voltage and 
of voltage waveform becomes 


current harmonics are written as 


Ry, (t) = sin ot (8) l 

ne F Qn = 5 Va I, SNO ~ Oxy) 
Similarly, the reference signal for assessment of fundamental 
component of current waveform is I a Vy hey = Fa 
R,@ = sin a O) =z (KA Fast Jx (Kas “T+ (As a 

. af KAZ™ \ of KA“ 
D Reference Signal for Assessment of Harmonic Rowers sin} tan KAT ~ fan KA (20) 
I 2S day 2ftan : 
TETEE ; i 
To determine the harmonics components of voltage and P, aly La cos(@,, -9,,) 
current waveform, let us define the following two reference 
signals. 1 va-R,, vyRy—t ta-Ru Rat 
+å The reference signal for assessment of m* order harmonic “> (Kiai " J + (kag J i (Kia ‘ J + (Raph } 
"å component of voltage waveform is 5 AR LR 
R a - 4 + e 7 K, dnr x K. tte t 
R,,, (t) = sin mot ; - (10) ~ io (eae as ah tan (eS) | 2D. 
The reference signal for assessment of n* order harmonic Similar! : 
component of current waveform is : ary, 
R,, (t) = sinnat aD Area formed by curve in Vy T Pre plane will be 
Ag = kVa SN Pan, O (22) 
D. Harmonic Power Or, V m Sin Pon = =K Ap (23) 


Area covered by curve Vy ind R, waveforms in v, — Ryn Area formed by curve in y, Ry, -t plane will be 
plane will be , 


i ATI = kV. COS Q, 
va Rye ; Cii on qn 
Aan” = KV in SID Pin " 


Or, V a COS Pon = Ay (24) 


. ~R, ‘ 
OF Vin SI Dim = KA,” == (12) = (23) and (24) 
Area formed by curve in Vy Ryn -t plane will be =J{k, Arch y+ (k, At nhen} (25) 
Ag = KNV m COS Pay ` . KA *- J 
; ' vg Rim -t f Pya = tan — (26) 
Or, V ja COS Pim = K A (13) 7 KA" 
Using (12) and (13) - Area formed by curve in 1, -R,„ plane will be 
V im = (Kau y +(K, A% Ý : (14) ac kig sin 0p 
; Va -Rum Š 
2f idm irre t R„-t plane willbe ` 
Area covered by curve in i, — R, plane will be AP = kip cos 0, 
-R s 
Ax k= kilan sin Oyn OF sing COS Oy, ` KA Aiken (28) 
or, I i, SiO, = K Au’ (16) Using (27) and (28). 
Area formed by curve in i, x, -t plane will be in= (KA y + (x, ae") (29) 
Ann =k,I,, COSO n KAn 
` 8 = tan "| —— = — 30 
or, I _ COSO,, = K, Aight (17) ğ KAS a 
Using (16) and (17) i 
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Using (25), (26), (29) and (30), reactive and active power 
contributed by n™ order of voltage and current harmonics are 
written as 


l ; 
2. = Valo sin(p,, -6,,) 








=k a) a lka] as] 
afe Ene o> 
on 
Pe sr cos(p,, -6,) 
silan" lar S lean” Y + (age Y} 
K Aag™ PEREA 
cf wes |B) (32) 


I. EXPERIMENTATION 


Proposed block diagram representation of experimental setup 
is shown in fig. 2. On line data from power system is captured 
through current and potential transformers. After sampling, 
they are collected through a data acquisition system (DAS). 
They are transformed into Park domain (d, q) by Park 
transformation matrix and analyzed by developing suitable 
program. Harmonic power has to be assessed from the areas 
formed in d-q plane. 


Display Unit 





Fig. 2 Block Diagram of Proposed Experimental Setup 


IV. SIMULATED RESULTS 


The above area based approach have been verified through 
computer simulation. Phase voltage and current consisting of 
highest 23™ order of harmonics have been simulated as given 
in right hand sides of (5) and (6). From these known data, 
active power and reactive power for three phase system have 
been calculated as shown by true values in table —1 and 2. The 
simulated data have been sampled and transformed into Park 
plane using Park transformation matrix. Different areas have 
been formed and then three phase active and reactive powers 
have been calculated using (20, 21, 31, 32). They have been 


compared with the corresponding true values and errors have 
been calculated. comparing with true values. Satisfactory 
results with very small errors have been found which are 


presented in table-i and 2. 





Table | 


Total active power contributed by harmonic components 


Value) 
. 0.0000 


rue 
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Reactive Power 
rue Value) 


Reactive Power 





Accuracy increases with the increase of sampling rate of the 
data acquisition system. For analysis of a three-phase power 
system instead of using three phase voltages (vp, Vy and vp) and 
three line currents (ip, iy and ig) use of Vas Vas Ly and A has 
reduced the computation effort by two-third ratio. 


V. CONCLUSIONS 


Small values of error speak of the acceptability of the above 
methods. In three-phase power system consisting of three 
voltage waveforms and three current waveforms, use of the 
Park domain consisting of two voltage waveforms and two 
current waveforms, has reduced the computational task to a 
great extent. Also in the above method fundamental frequency 
(@ ) is assumed to be constant only for one complete cycle 
and may change in next cycle, which is more advantageous in 
real system analysis than other existing methods where (@ ) is 
to be constant throughout the process. Thus the above method 
and d-q plane for three-phase system may be, in future, a good 
platform for harmonic power measurement. 
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LIST OF SYMBOLS AND ABBREVIATIONS 


Rvm= reference signal generated for assessment of harmonic component of 
voltage of order m 

Ri= reference signal generated for assessment of harmonic component of 
current of voltage of order n 


0 =angular frequency 
m=order of voltage harmonics 
n=order of current harmonics 
Ny =order of highest harmonics 


Ọ „ =phase angle of voltage of harmonics of order m 

O „ = phase angle of current of harmonics of order n 

Pan = phase angle difference between voltage harmonic of order m and 
current harmonics of order n 

Py, =phase angle of voltage of harmonics of order m in phase Y 

Oy, 


n = phase angle of current of harmonics of order n in phase Y 


A =Area covered by curve V, and R, waveforms in Vy — Ry, 
Asim" Area formed by curve in Vy Ry -tplane 

i,-R, i ead 
Aj." =Area covered by curve in 1, — R, plane 


ALR- area formed by curvein i, R, -t plane 

An 
gm 

A ~t 


Area formed by curve in Y, — Ry plane 
=Area formed by curve in Y, Ry, t plane 
A =Area formed by curve in Ls R,, plane 


Altus 


qn Area formed by curve in i, R,, t plane 

Q n = reactive power contributed by harmonic component with frequency of 
order n along d axis 

Qin = reactive power contributed by harmonic component with frequency of 
order n along q axis 

P = active power contributed by harmonic component with frequency of 
order n along d axis 

P n= active power contributed by harmonic component with frequency of 


order n along q axis 
DAS=Data Acquisition System 
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Abstract- In this paper, a simple method for the design of the 
parameters of a PI controller, which stabilize control system with 
fixed parameters, is given. The proposed method is based on 
plotting the stability boundary locus in the (k p , ki )-plane and 
then computing stabilizing PI controllers. The method presented 
does not require sweeping over the parameters and also does not 
need a linear programming to solve a set of inequalities. Thus, it 
has several important advantages over existing results. The 
developed method is illustrated with a typical numerical example 
available in literature. 


Keywords - Stabilization, PI control, frequency gridding. 


1, INTRODUCTION 


T HERE has been a great amount of research work on the 


tuning of PI, PID and lag/lead controllers since these ‘types of 
controllers have been widely used in industries for several 
decades (see [1-5] and references therein). However, many 
important results have been recently reported on computation 
of all stabilizing P, PI and PID controllers after the publication 
of ‘work by Ho et al. [6-9]. A new and complete analytical 
solution, which is based on the generalized version of' the 
Hermite-Biehler theorem, has been provided in [6] for 
computation of all stabilizing constant gain controllers for a 
given plant. A linear programming characterization of all 
stabilizing PI and PID controllers for a given plant has been 


obtained in [7,9]. This characterization besides being 
computationally efficient has revealed important structural 
properties of PI and PID controllers. For example; it “was 
shown that for a fixed proportional gain, the set of stabilizing 
integral and derivative gains lie in a convex set. This method is 
very important since it can cope with systems that are open 
loop stable or unstable, minimum or non-minimum phase. , 
However, the computation time for this approach increases in 
an exponential manner with the order of the system being: 
considered. It also needs sweeping over proportional gain .to- 
find all stabilizing PI and PID controllers which is a 
disadvantage of the method. An alternative fast approach to 
this problem based on the use of the Nyquist plot has. been’ 


given in [10-11]. An extension of the method given in [7] to`. 


the lag/lead controller structure has been given in [12]. A’ 
parameter space approach using singular frequency concept: 
has been given in [13] for design of robust PID controllers. 
More direct graphical approaches to this problem based on 
frequency response plots have been given in [14-15]. 
However, the frequency gridding has become the major“ 


problem for this approach. On the other hand, compensator; 


design in classical control engineering is based on a plant with, 
fixed parameters. 
In this paper, a new approach is given for design of stabilizing , 


PI controllers ın the parameter plane, ( k p , ki )-plane. The ` 


result of [11] is used to avoid the problem of frequency 
gridding. Thus, a very fast way of calculating the stabilizing , 


values of PI controllers for a given SISO control systent is‘* 


given. 


fan 
E ENGG 


TI. ALGORITHM FOR THE PROPOSED METHOD 


y 


` Consider the single-input single-output (SISO) control stem 


of Figure 1 where 
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Nis) 





G(s) = (1) 
D(s) 


is the plant to be controlled and C(s) is a PI controller of the 
form 


k st+k 
cak, +t 
S 





(2) 


The problem is to compute the parameters of the PI controller 
of Eq. (4) which stabilize the system of Figure 1. 





Fignre 1: A SISO control system 


Decomposing the numerator and the denominator polynomials 
of Eq. (3) into their even and odd parts, and substituting s$ 
=jo, gives 
„n _ N,(-w*) + jwN, (w°) 

AMS ECTS WD YA) 
The closed loop characteristic polynomial of the system can be 
written as 

AS =KN, CW) -k W N, W) -w D, w) 

+K WN) +k wN,(-w) +D W =0 
(4) l 


Then, equating the real and imaginary parts of 
ACs) to zero, one obtains 


(3) 


k (WN, (-w’)) + &(N,(-#’)) = wD, (w) 


o | 

k, (NCW) +k N, (—w’)) =—D, Cw) 
(6) 

Let 

Q(w) =w N, (-w*) 

R(w) = N,(-w’) 

S(w) = N,(-w’) 


U(w) =N,(-w’) 

X(w) = w’D, (w°) 

Y(w) =-D,(-w’) 

Then, Eq. (7) and Eq. (8) can be written as 
Ow) + k,R(w) = X(w) 


(8) 
k,S(w)+kU(w) = ¥(w) 


From this equation 

pa ROU (w) - YW) RW) 9) 
”  QOwWU(w)-RWw)Sw) : 

and 

p, = ZQ -X (WSW) as 


Q(w)U (w) — R(w)S(w) 


Solving these two equations simultaneously, the stability 
boundary locus, I(k, ,k;,w), in (kp „kı -plane can be obtained. 
The stability boundary locus divides the parameter plane 
((kp»k;)-plane) into stable and unstable regions. Choosing a test 
point within each region, the stable region which contains the 
values of stabilizing k,and k; parameters can be determined 


TI.NUMERICAL EXAMPLE 


Example 1: Consider the control system of Figure 1 with 
transfer function 


G(s) NO. s +4s’ -s+ 
DAs) s°+2s*+32s° +14s* —4s +50 


(11) 
Which has 2 right-half plane poles and 2 right half plane zeros. 
From Eq. (9) and Eq. (10) 


—wW +23w* +94w' —210w’ +50 


K = 
p -wf —18w* +7w° —1 
(12) 
and 
Qn? —117 Ww -20w -46w 
K =——— m (13) 


—w -18w +7w —1 


The aim is to compute all the stabilizing values of k, and k; 
which make the characteristic polynomial of Eq. (4) Hurwitz 
stable. For a range of frequency,the stability boundary locus 
can be easily computed. 

For example, for r œe[0.45,7.8], i(k, ki ,@) is shown in 
Figure 2. From this figure it can be seen that there are a few 
regions namely R1, R2, R3, R4 and R5 in which one needs to 
choose a test point in order to find the stability region. For 
example, choosing a test point within region R5 such as 
k, = 13 and k; =25 , it can be calculated that the characteristic 
polynomial has two right half plane complex roots, therefore, 
the system is unstable for these values of parameters. Thus, the 
region R5 is not a stability region. It has been computed that 
the only stabilizing region is the region denoted by R1. 

For example, for kp =5 and k; =20 within region RL, the 
characteristic polynomial is 

A(s) = sf +25% +375* +548 +71s? +355+20 

which is a stable polynomial. The all stabilizing values of k, 
and k, are shown in Figure 3. 
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of Eq.(15), the real frequency values which satisfy Eq. (12) is 
0.77rad/sec. Thus the frequency axis can be divided into two 
intervals such as œ €(0,0.77) ando €(0.77,°°). For 100 points 
within œ €[0,0.9] ,/(k,,ki,@) is shown in Figure 5 where it can 
be seen that there are stabilizing values of k, and k; when 
œ €(0,0.77) as shown in Figure 5. For G(s) of Eq. (11), Im[G( 
jæ] =0 for w=7.65 . Thus, one needs to plot stability 
boundary locus for @changing between 0 and 7.65. Then, 
stabilizing region can be computed as shown in example 1.The 
step response of the system with the stabilizing PI controller is 


shown in fig 6. 





Fig 2: Stability boundary locus 
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Fig 4: Stability boundary locus 
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Fig 3: All stabilizing PI controllers I 


This example show that the method is very fast and effective, 
however, frequency gridding becomes important. An efficient 
approach to avoid frequency gridding can be obtained by using GE 
the Nyquist plot based approach of [11]. In this case, it is only 
necessary to find real values of œ that satisfy 
Im[G(s)] =0 (14) 
where s = jo. Thus, the frequency axis can be divided into cas 
finite number of intervals and then by testing each interval the acs 
stability region can be computed. To illustrate this consider the ai 
following example. a a9 ts 07 ra L5 vA 03 2 
Fig 5: Stability boundary locus 


Example2: i 
sl 7 
G(s) =———__—_ 1 

(s) s? +0.85 —0.2 = : 
Form Eq. (9) and Eq. (10) 1 
_1.8w? +02 i 
ie -w° -1 a oe 
and o 
—w' +0.6w° 

k er a (17) ea 0 v x n © œ v v C] 


l 2 
-w -1 
The stability boundary locus for 100 frequency points within Fig 6: Step response of the system with PI controller of Ex2. 
œe[0,10] is shown in Figure 4. From this figure it is not 
possible to determine the region of stability. However, for G(s) 
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IV. CONCLUSIONS 


In this paper, a new approach has been presented for the 
design of the boundaries of the limiting values of stabilizing PI 
controllers parameters that guarantee stability. The approach is 
based on the stability boundary locus which can be easily 
obtained by equating the real and the imaginary parts of the 
characteristic equation to zero. The method presented does not 
require sweeping over the parameters. Also, it does not need 
linear programming to solve a set of inequalities. 

Therefore, the method has advantages over existing results. 
Ilustrated examples clearly show the effectiveness of the 
proposed method. 
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Abstract - In this era of the new World — a world of International 
Competition, - process control can bring substantial benefits by 
improving quality of products, increasing yields, production rates 
and uptime and decreasing cycle time. However, this does not 
happen automatically by simply installing the most modern 
control equipment, as we experienced when distributed control 
system became available in the 1980s. Many companies installed 
distributed control systems expecting improved performance, only 
to find later that it was not significantly better than before. One of 
the reasons was that the control strategies had not been improved; 
they just duplicated the old analog systems. What is needed is to 
take advantage of the power of the new digital systems and 
upgrade the control strategies to gain concrete business benefits, 
not just to ensure stable operation of equipment. Companies are 
now going back and reevaluating how process control is applied 
and looking for ways to increase productivity through improved 
control. Thus an approach for a process control loop performance 
assessment is proposed. This approach was developed to collect 
performance data of the process control system and then to use 
this data to calculate performance and capability index. Based on 
this performance matrix, the recommendation for the 
improvement is displayed. Efficient algorithms for performance 
assessment are developed and evaluated by simulations using 
MATLAB. 


Key words - Key Performance Indices (KPI), Mathematical 
Modeling, Performance Assessment, Process Monitor, Statistical 
Process Control, Simulation, Statistical Matrices. 


I. INTRODUCTION 


A. Global Scenario 

In globally competitive Process Industries such as 
Chemicals, Petrochemicals, and Pharmaceuticals, Corporate 
Management is looking for Technology to help in improving 
the bottom line because 


i) 
ii) 


Markets which were guaranteed few decades ago 
are now threatened by International competition 
Product life cycles are much shorter and 
technology is changing at an un wavering rate. 
Production needs to be faster, less expensive on 
per unit basis and of high quality. 

The olden days when products had a long life cycle, the 
domestic market was secured and the economical conditions 


iii) 


could be predicted are all gone. We are in a new world — a 
world of international competition. 


B. Role of Automation in Process Control system 
For the past 20 years, modern distributed control systems 
(DCS) have been used to keep process facilities running within 
acceptable operating limits. In a modern process industry 
several thousands regulatory control loops work in a 
coordinated fashion to ensure that the process remains in 
control. Previously, maintenance and process control teams 
within process companies have been challenged to keep these 
assets working optimally. Survey has shown that in many 
organizations, more than 50% of the regulatory control loops 
are either in manual or completely ineffective in minimizing 
variability within the process. Most often it is due to one or 
more of the following technical problems. 

a) Hardware issues such as valve and sensor faults 

b) Improperly tuned control loops. 

c) Improper control strategy. 

d) Mismatch in user requirement specifications 

e) Improper process design. 

f) Plant disturbances and loop interactions. 


C. Problem 
These problems, unfortunately, prevent operators from running 
the plant at or near the most profitable operating points or 
constraints in the process resulting in lost revenue in the form 
of throughput, quality gives away, energy consumption and 
product yield. The response to this problem by some 
organizations has been—when problems occur and they are a 
priority, fix them otherwise leave them alone. Others have 
implemented rigorous “Preventive Maintenance” strategies to 
address performance problems on 


scheduled basis. It is practically impossible with the 

maintenance 

resources available on a site to visit each loop frequently 

enough to keep them all working optimally 100% of the time. 
at here is no such single methodology, which monitors the 

performance of process as well as control system. 


Corporations world wide are discovering that one solution to 
this problem based on the current conditions or performance of 
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these assets, maintenance is applied to only those that are 
misbehaving impacting the process negatively and costing 
business money. 

This present work aims in finding how process control 
should be applied or improved to gain business benefits. 


D. Objectives 
The objectives of the present work are: 


1. To understand the necessity of performance 
monitoring of Process Control System. 

2. To identify the KPI’s of Process Control Systems. 

3. To device performance monitoring methodology. 

4. To implement and conduct trials through simulation 

using MATLAB 
E. Motivation & Solution 
In order to achieve the objectives of the present work 
we prepared the detailed survey report based on literature 
survey, user feed back & consultants’ views. This detailed 
survey report gives the overall information about process 
control system. This comprehensive survey report also consists 
of various performance parameters, which include 
e System overview 
Expansion requirements 
Standards - 
Data analysis requirement 
Alarm requirement 
Data display 
Process control 
Operators interface 
Maintenance 
ə Quality Control 

The collection of data based on this survey report from various 
process industries like (Chemical, Petrochemical and 
Pharmaceutical. 


F. Key Performance Matrices 


Each plant has certain matrices that are important to the bottom 
line. It is important to prioritize loops in the plant so that 
engineering personnel can make the best use of their time they 
will be working on the area as that will give make the greatest 
economic impact to the plant, 


Key performance matrices will vary from plant to plant. One 
possible set of performance matrices is the variability. 


TI. PROCESS CONTROL SYSTEM PERFORMANCE 
ANALYSIS METHODOLOGY 


A. Analysis to Identify Control Improvements 
Customer feed back is then transformed in to interna! 
business metric that will be used to monitor and drive 


improvements in process performance. These are defined 
as key business drivers and are given below. 


Key Business Drivers 


e Use as metrics to assess performance. 
e Quality = Product properties conform to 
customer wants, measured by C, and P, 
indices. 
e 4% First pass, fist quality yield = make product 
right the first time. 
e Through put= Rate at which product is made. 
e Cycle time = elapsed time from receiving raw 
material to shipping the finished product. 
© % Uptime = Time process is available to run 
at full rates. 
The first step is to receive feedback from the customer and 
transform it into specific business matrix or goals. (in terms of 
product quality, yield, throughput, uptime and so forth) This 
task requires a close working relationship with the customer and 
falls largely on operations management, but could include 
technical specialists as well. 


B. Identify Key Product Properties and Process Variables 


In the first step of the analysis the business metrics are 
transformed into key product properties (flows, pressures, 
temperatures etc..) that must be measured and controlled to 
ensure that 


è Product quality meets the 
specifications. 

è Production rates, uptime and cycle time are 
achieved so that product orders are filled on 
time. 

+ First-pass, first quality yields are achieved to 
minimize rework and costs 

In other words, the key product properties and process 
variables are the ones that have the greatest impact on meeting 
the business goals. Prime examples of process variables are 
reactor temperature, reactor feed ratio, and distillation column 
temperature. Product properties are things like density and 
viscosity and may be measured and controlled on line or may be 
measured in the laboratory and not controlled directly. In the 
latter case we have to identify the process variables that have 
the greatest impact on the product property. In addition to 
identifying the key variables, the associated steady-state targets, 
or set points, and the allowable ranges of variability must be 
determined. It is then the job of the controls to maintain the key 
variables at their respective targets within the prescribed ranges 
of variability. 


customer 


C. Identify the Need for Improved Measurement and Control 

The second step in the analysis identifies which of the key 
variables are in need of improved control. Assessing variability 
does this; since reducing variability is the basis, on which we 
will achieve improved performance. 


Impact of Process variability on Business goal is as given 
below- 


> Better consistency in product properties > Product 
quality 
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Tighter conformance to desired set points > yield 

Run closer to constraints > through put 

Faster transitions form one grade to another > Cycle 
time 

Avoid Process conditions which lead to fouling etc 
>up time. 

There are three ways we can reduce variability. They are - 


= Make frequent adjustments to process by automatic 
control > APC 

= Monitor key variables to signal special cause, identify 
cause and eliminate it > SPC 


Vv VVV 


= Change the process. 
D Ceuma Cats 
Spwid cons 
Tw —> 


Fig. 1 Special cause and common cause variability 


First, an understanding of the types of variability and their 
sources is necessary to determine how to reduce it. Special 
causes of variability are gross upsets in the process. Examples 
are large changes in raw material composition, operating 
blunders, and equipment malfunctions. It is the job of Statistical 
Process Control (SPC) to identify when a special cause has 
occurred so it can be identified and removed. Automatic 
Process Control (APC) on the other hand, compensates for 
these upsets by adjusting a process variable to counteract the 
effect. What actually occurs is the controls transfer the 
variability from where it matters to where it does not matter. 
For example, to maintain the reactor temperature, the controls 
will transfer the variability to reactor coolant flow and 
temperature. If feasible, chronic special causes should be 
removed rather than rely on control to compensate for them. 
` However, the analysis described here identifies the 
improvements in process control that are needed to compensate 
for the special causes. 


The other type of variability is called common cause 
variability and is inherent or built-in to the process. This kind of 
variability is frequent, random and generally small so it is 
sometimes referred to as ‘process noise’. Some common causes 
are turbulence, machine vibration, steam supply pressure 
variations and small random variations in raw material 
composition. Process control is not recommended to 
compensate for common cause variability because it may result 
in over all control and create instability. A better approach is to 
identify the cause if it cannot be ignored and to make a process 
change to correct for it. For example, changing the process 
design, replacing equipment and adding damping or filtering to 


the measurement to remove the variability are, often, remedies. 
The difference between the Special Cause and Common cause 
variability is shown below in Fig. 1 


The range may be a product specification range for a 
quality variable or the allowable variability range for a process 
variable. Again the ranges are chosen to meet the business 
goals. Cp and Pp assume that the mean of the variable (also 
called average) is at the midpoint of the range. Cpg and Pp, are 
used when the variable is not midrange and it is important to 
reflect that, if the specification is one sided that is, there is 
either a high specification or a low specification. 

The desired value for the indices depends on the needs of the 
customer but as a rule, a value of 2.0 is considered world class. 


A value of above 1.5 is also considered very good. Values of 
approximately 1.0 are just adequate and below 1.0 are poor. 





High 
Lisi 


Low 
Limi 


Fig. 2 Histograms Comparing Cp’s 


Fig 2. illustrates graphically the effect of the numerical value of 
the index. A value of 1.0 means that 99.73% of the data are 
within the specification if the mean is a mid range but there is 
no room for error in the process. A higher value allows some 
leeway in the position of the controller set point and allows 
some variation in the process without violating specifications. 

The Capability Index is compared with the Performance 
Index to identify where control can be improved. The indices 
are calculated for each key product property and process 
variable and then compared, as per the capability and 
performance matrix as shown in Fig. 3 below. 


Does Pefonnence mest capability ? 





RoP.<Cy Pes Pye C 
He 
Cece 
Doss Capabuiity 
Moet Custome Needs? : 
a 
Cy gaa 


Fig. 3 Capability and Performance Matrix 
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e If the capability index is below the goal, a process 
change is needed. 

e If the performance index is less than capability, a 
process control improvement is needed. 


D. Estimate Benefits for the Improvements 
The final list of improvement opportunities may be large 
enough to require a prioritization to make sure funds and 
resources are used effectively. One method of prioritization is 
to rank candidate improvements according to stake and 
feasibility. 
Prioritizing Opportunities 
o Identify process control opportunities 
o Estimate % reduction in variability 
o Estimate impact on business drivers and estimate 
savings 
o Assess feasibility 
o Prioritize 
The control assessment just completed may suffice to assess 
cost feasibility and technical feasibility. What may be needed in 
addition is to estimate the economic benefits to the business for 
each improvement. [8] 


I. MATHEMATICAL MODELING OF CASCADE 
CONTROL OF JACKETED STIRRED TANK 
REACTOR. 


The cascade control of jacketed stirred tank Reactor is shown in 
the Fig. 4 below. In this, the temperature of the reactor is 
measured and compared with the desired reactor temperature. 
The output of this reactor temperature controller is a set point to 
the jacket temperature controller. The jacket temperature 
controller manipulates the jacket flow rate. Notice that two 
measurements (reactor temperature and jacket temperature) are 
made but only one manipulated variable (jacket flow rate) is 
ultimately adjusted. 


In this strategy, the reactor temperature controller is the 
primary (master or outer loop) controller. While the jacket 
temperature controller is the secondary (slave or inner loop) 
controller. This is effective because the jacket temperature 
dynamics are normally significantly faster than the reactor 
temperature dynamics. An inner loop disturbance, such as 
jacket feed temperature, will be ‘felt’ by the jacket temperature 
before it has a significant effect on the reactor temperature. This 
inner loop (secondary) controller then adjusts the manipulated 
variable before a substantial effect on the primary output has 
occurred. 


Rerin T erpats Coatrelles 





Remta Fori Taskent Tere pea ttese O ertroll es 


Fig 4 Stirred Tank Reactor Cascade Control 


IV. SIMULATION OF THE SYSTEM 

A two state model for jacketed stirred tank reactor is built 
using ‘SIMULINK’, which is a very powerful block diagram 
simulation language. Here, reactor temperature is the key 
performance indicator, which is given to statistical process 
control algorithm. The simulation model for cascade control of 
chemical reactor 


a jacketed is shown in Fig. 5 





Fig. 5 The simulation modei for cascade control of a jacketed 
chemical reactor 


V. RESULT & ANALYSIS 


System: Jacketed Stirred Tank Reactor. 
Key Process variable : Reactor Temperature (T) 
Set Point : 125°F, Lower Limit : 120°F, Upper Limit : 
130°F 










€or! Bad Bl os 

No 
Process 1.5185 | 0.1462 Improve 
disturbance Process & 
Control 


2 |: Control 3.2495 | 0.2866 Improve 
Disturbance Control 


Table 1 Test results of performance analysis using simulation 
model 
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The various system parameters and their effects on performance 
index, after creating process disturbance, are given below 


= Us) ; 
Ea Estatu 
w ah . 


VL CONCLUSION 


The proposed methodology is a disciplined approach for 
improving the performance of a manufacturing process by 
identifying process control improvements aimed at bringing 
business value and not just ensuring smooth operation. This 
approach should not be applied only once but used for 
continuous improvement on a periodic basis. This is the only 
way to ensure that the benefits from process control are 
sustained over the long term. This proposed methodology 
monitors the performance indices as well as identifies 
improvements required, if any. This methodology has been 
analyzed with simulation studies. 
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Abstract-Transient cavitation is a widespread phenomenon 
occurring in piping system due to the drop of system pressure 
subsequent to pump failure or sudden change in operating 
condition of the system. Differential flow measuring devices 
based on the principle of pressure drop gives erroncous results in 
transient cavitating flow. This crroncous behaviour of 
flowmeters could result in grave problems like unacceptable 
proportioning of ingredients in  chemical/pharmaceutical 
industry. In addition, it affects economy in the case of industrics 
dealing with costlier liquids. This necessitates the evaluation of 
the performance of flow measuring devices during transient 
cavitating flow. Free gases may also get released in the system at 
low pressure in association with transient flow. In this study, an 
experimental approach is taken which qualititatively assess the 
performance of orifice plates in transient gaseous and vaporous 
cavitating flow. 


Key words-Flow measurement, Pressure drop, Flowmeters, 
Bubbly flow ` 


I. INTRODUCTION 


Tae use of square edged orifice plate has been well 


established in various industries for measuring fluid flow in 
normal conditions. This choice can be explained by its simple 
design, low cost and relatively significant accuracy achievable 
in measuring differential pressure. As a rule, flow meters are 
calibrated in fully developed pipe flow. For a practical use of 
the meter, existence of the same state of flow at the position of 
the meter must be secured. This requires providing certain 
lengths of straight pipe upstream and downstream of the 
meter, as specified in technical norms. These requirements are 
often not met in practice; the meter is then subjected to flow 
that is not fully developed, and measurement errors arise [1]. 
In addition, sudden operating conditions of flow regulating 
devices (transient conditions) will also disturb the flow profile. 
The effects of upstream velocity profile upon the performance 
of orifice flow meters have always been important in flow 
measurement [2]. Besides, flow in industrial piping system 
often contain small amount of gases either in free or in 
dissolved form. When the system undergoes fast 
depressurization during transient flow, flashing of dissolved 
gases in the liquid phase occurs ({3], [4]). The presence of 
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even a small amount of free gas - entrained or released - in the 
liquid increases the compressibility appreciably compared to 
that in pure liquid. This in turn reduces the speed of pressure 
wave in the flowing liquid [5]. The effect of free air on wave 
speed is more significant under low pressure conditions when 
its volume is greater than that under high pressure conditions. 
When pressure reduces beyond the vapour pressure of the 
flowing liquid it evaporates, transforming single phase flow 
into multi- phase, thereby maintaining the line pressure at 
vapour pressure [6]. Hence it is obvious that the accuracy of a 
standard orifice plate can be affected by a multitude of factors, 
such as swirl, sudden change in the axial velocity profile 
(transient condition), presence of second phase, turbulence, 
flow conditioner orientation, and placement. The present 
study evaluates the performance of orifice plate during 
transient cavitating flow. 


I. PRINCIPLE OF FLOW MEASUREMENT 


The principle of the method of measurement is based on the 
fact that insertion of the orifice plate into a pipe line in which 
a fluid is running full, causes a static pressure difference 
between the upstream side and the throat or downstream side 
of the device. The rate of flow can be determined from the 
measured value of this pressure difference and from a 
knowledge of the characteristics of flowing fluid as well as 
circumstances under which the device is being used. 


The rate of flow can be determined using the following 
formula [7 ], which is given below. 


T 2] 

In = &% oat 2 Ap P 
in which q,, is the mass flow rate, @ the flow 
d the diameter of the 
orifice, Ap the differential pressure (dp) and p is the density 
of the flowing fluid. Due to the transient condition, the normal 
pressure of the flowing system gets fluctuated leading to the 
reduction of flow rate. In addition, presence of a little 
percentage entrained air in the system and the gas release due 
to low pressure transients will also decrease the performance 
of the flow meters. How the interaction of gas bubbles and a 
liquid affects the functioning of a valve is investigated [8]. In 


this study, the density of the gas-liquid mixture was 
considered to be a function of the pressure. It was observed 


(1) 


coefficient, & expansion factor, 
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that the presence of bubbles in the flow, produce a blocking 
effect due to the expansion of bubbles consequent to reduction 
in pressure. This reduces mass flux up to ten percentages. 
Similarly, the differential flow meters which were designed 
for the flow measurement of single phase fluid will not behave 
in normal way in the presence of small fraction of gases 
though its volume fraction is very less. In this connection, the 
amount of error or the necessary correction factors introduced 
in the measuring system are of very high magnitude. The 
present study qualitatively assesses the differential pressure 
rise across the orifice during transient condition. 


I. DETAILS OF EXPERIMENTAL STUDY 


The experimental work was carried out at an installation in the 
Water Flow Laboratory of Fluid Control Research Institute 
(FCRI). Palakkad, India. The schematic diagram of the 
experimental set up is as shown in Fig.1. A constant rate of 
flow was maintained in the pipe from a constant head tank 
with a head of 17.0m. 


The line pressure at the upstream end was measured 
using a static pressure gauge. Flow rates in the line were 
adjusted using the control valve (CV), which was fitted at the 
downstream end of the pipe after the QAV (Fig.1). Sufficient 
time was given during every run for the development of steady 
flow conditions before the commencement of the valve 
operation. The entire sets of experiments were conducted at 
ambient temperature which varied between 31 to 33°C. 


Fig. 1 Schematic diagram of the experimental setup (FCRI) 
Transient cavitating flow was generated by the 
sudden closure of a butterfly valve (QAV) mounted at the end 
of the pipe. The valve closure time was measured by means of 
a photo switch and was found to range from 0.02 to 0.021s in 
all the tests. a ae E eat S 
pressure wave. 


A. Data collection and linstrumentation 


A data acquisition system (DAS) with a resolution of 12-BITs 
is used. The capability of the DAS card is 12.5 lakhs 
sample/second. The sampling rate is constant for single 
channel or multiple channels. An important factor that affects 
the shape of the pressure characteristics is the time interval 
At at which pressure is recorded. Hence the time interval 
chosen to record pressure oscillations following cavity 
collapse should be. no longer than 10° s [6]. The pressure 


53 


transducers were selected based on the expected maximum 
pressure at the points where pressure is measured along the 
pipeline. On the upstream side, a static pressure gauge having 
linear performance characteristics was fitted for measuring the 
steady state pressure. A Turbine Flow Meter (TFM) was used 
to measure the water flow rate. The unit of display of the TFM 
was shown as frequency in Hz. Discharge measurement was 
also checked gravimetrically. Compressed and regulated air 
flow rate was measured by using a Mass Flowmeter (MF). The 
specifications of pressure transducers, TFM, and MF are given 
in Table 1. 


B. Initial Setting of the Experiment 
The steady state velocity v, varied from 0.3m/s to 1.35m/s, 
facilitating -different initial pressures at the terminal valve. 
Initial velocity and pressure in the system were controlled by 
means of the control valve (CV). Online density and 
temperature measurements were carried out continuously. The 


pressure transducers P1 and P2 (Fig.1) were also used to 
measure pressures during the transient condition. 


Table.1 Specification of the Components of the Experimental 
Setup 


0-0 2488x vok- 
a ber} | vat 02917 


ORs 
+4-0.1% 





+20 
dta Ry ka 


C. Measurement of Friction Factor for G.I Pipe 


The pressure drop in steady state between points 1 and 2 
(Fig.l) were measured for different flow rates by using the 
pressure transducers P1 and P2. The flow rate was regulated 
by adjusting the control valve (CV). The length of the pipeline 
between the pressure transducers P1 and P2 was also 
measured. The Darcy-Weisbach equation was then used for 
calculating the friction factor f for these pipes. 


D. Experimental Data Collected in the Study 


Transient conditions were created by the sudden closure of a 
quick acting valve (QAV), which was fitted at the downstream 
end of the G.I pipe with internal diameter D = 52.76mm, 
Length L = 30m, wall thickness e = 3.7mm. Orifice plate used 
has a beta ratio of 0.5. As qualitative assessment of 
performance of orifice meter under transient cavitating flow is 
envisaged, the experiments were conducted under two phase 
flow condition. The two phase flow condition was to examine 
cavitating flow, was generated by introducing air into the 
liquid flow. 
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IV. RESULTS AND DISCUSSIONS 


As qualitative assessment of performance of orifice plate 
under cavitating flow was envisaged, the experiments were to 
be conducted under two phase flow condition. The two phase 
flow condition, so as to simulate the flow under cavitating 
flow, can be generated by introducing the air into the flow. As 
the flow is directly proportional to the differential pressure 
(dp), the variation of dp had to be analysed for different flow 
conditions, Hence, experiments were conducted for different 
flow rates of water and air. Pressure curves were measured 
instantaneously at the valve as well as across the orifice plate 
by means of pressure transducers shown in the Fig.1. 

Two sets of experiments were carried out. In the first 
case (Table.2), air mass fraction was fixed as a constant value 
and water flow rate was varied from 0.0032 to 0.0039 in three 
steps. The column number (4) of Table.2 indicates how shall 
the maximum dp across the orifice vary with respect to the 
flow rates. Fig. 2 shows such variation. It was found that the 
maximum differential pressure across the orifice during 
transient condition increases with flow rate. Column number 
(5) of the same table indicates the variation in maximum dp 
occurred after the pass of negative phase of pressure wave. 
These dp values are higher than the respective values in the 
fourth column, indicative of the increase in dp under 
cavitation. In order to verify the presence of cavitation, the 
pressure variation noted at the quick acting valve for a typical 
case (E3) is plotted in Fig.3. The second peak in the variation 
of pressure has a higher peak than the first, and hence, 
validates the proposition that cavitation has occurred. A 
typical variation of dp across the orifice is also plotted in 
Fig.4. As could be seen from the figure that the dp varies 
drastically during transients; the variation is hectic in case of 
cavitation. 

When the water flow rate increases, pressure drops to 
sub atmospheric and a high magnitude, secondary pressure 

` peaks (up to 12 bar) occurs, once the negative wave passes 

(Table 2, Fig. 3 and Fig.4). It is approximately 16 times higher 
than steady state differential pressure. However, this dp 
variation could not be indicative of the flow variation as flow 
reversal with such large magnitude could not happen 
instantaneously. 

In the second case (Table. 3), water flow rate was fixed 
as a constant value and air mass fraction was increased. 
Differential pressure across the orifice was , measured and 
plotted against air flow rate (Fig. 5). It was found that 
differential pressure, beyond certain percentage of air mass 
flow rate, drops down with sharp slope. It might be duc to the 
heterogeneity of air-water mixture when air mass fraction was 
increased. i.e. the flow changes from homogeneous flow of 
air-water mixture into layered flow. In addition, 
compressibility is directly affected by the increase in air 
content. The reduction in the ratio of maximum differential 
pressure to steady state dp also decreases with the increase in 
air mass flow rate. All these can be explained in terms of the 
reduction in water hammer pressure due to the increase in air 
content and consequent increase in compressibility. 

All these results point towards the uncertainties 
involved in the measurement techniques based on the 
differential pressure while it is being used under transient and 
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cavitating conditions. A point to be noted that even the 
transient flow could affect the differential pressure to larger 
extent. Hence, the flow measurement during transient 
condition, which is inevitable in normal situation in a 
industrial flow line, can lead to instantaneous erroneous results 
to the extent of many folds. Though the current study does not 
assess the error involved in the measurement of flow, it 
qualitatively indicates even low transients can also lead to 
erroneous results. 


Table. 2 Study of Differential Pressure Variation Across the 
Orifice plate forlncreasing Water Flowrate 





DP by (0 1 Mpa) 
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Flow Rate (m'h) 


Fig. 2 DP variation across the orifice plate with 
increasing water flow rate(Table.2) 





Fig. 3 Pressure peak at valve (Table. 2, E3)) 
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Fig. 4 dp variation across orifice plate (Table. 2, E3)) 


Table. 3 Study of Differential Pressure Variation Across the 
Orifice plate forincreasing Air Flowrate 
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Fig. 5 Maximum DP across the orifice Vs mass fraction 


of air under constant flow rate of water 


V. CONCLUSION 


The use of orifice meter in transient cavitating 
conditions can lead to erroneous instantaneous flow 
estimation, amounting to many folds of the normal flow. 
Hence, the orifice meter is to be cautiously used where the 
chance of occurrence of transients and cavitation is more. 
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Abstract- In process plants, such as, thermal power plants, 
biomedical instrumentation etc. Proportional-Intcgral-Derivative 
(PID) controllers are being widely accepted. Proper tuning of 
such controllers is of prime requirement as far as their 
applications are concerned. Earlier works concentrate upon 
intelligent methods of tuning of such controllers. In the process of 
optimization of the PID controller gains, Particle Swarm 
Optimization (PSO) / Genetic Algorithm (GA) have been used as 
the optimizing tools. Researchers are modifying the PSO 
techniques with an aim to have better computational efficiency. 
Authors’ earller work deals with the determination of off-line, 
nominal, optimal PID gains of a PID controller of an Automatic 
Voltage Regulator (AVR) for nominal system parameters and 
step reference voltage input using modified PSO and binary 
coded GA. On-line terminal voltage response for varying off- 
nominal, on line system parameters has been obtained by 
applying fast acting Sugeno Fuzzy Logic (SFL). It has been also 
observed that the on-line computational burden of SFL is 
remarkably low. 

However, in these works it has been observed that the 
controller parameters are required to be continuously updated 
their values with the change in system operating conditions. Even 
if we keep the controller parameter values constant, the system 
performance under change in reference voltage degrades 
substantially. Oo the other hand, fixed parameter robust 
controllers are capable of yielding satisfactory performance 
under continuously changing operating conditions. 

The present work, thus, deals with the design of an H. robust 
damping controller based on mixed- sensitivity theory for the 
AVR system so as to make the system insensitive to plant 
parameter variations as well as external disturbances. It is 
observed that the proposed H. controller works satisfactorily 
under change in system operating conditions and system 
parameter variations. It is also found that the proposed H. 
controller can also optimally eliminate the effects of external 
disturbances. 


Key words — AVR, UH. optimal control, mixed-sensitivity 
problem, PSO 


NOMENCLATURE 


Ka ’ amplifier gain 


Ka derivative gain of PID controller 
K: exciter gain 
K; generator gain 
K, integral gain of PID controller 
Kp proportional gain of PID controller 
K, sensor gain 
S(s) sensitivity function 
T(s) complementary sensitivity function 
u control output 
W(s) sensitivity weighting function 
W.(s) uncertainty weighting function 
y measured output 
z= | controlled output 
Z2 
AV ef incremental change in reference voltage 
AV, incremental change in terminal voltage 


@ exogenous input 

(ej singular value 

Ta amplifier time constant (sec) 
Te exciter time constant (sec) 
Ty generator time constant (sec) 
T sensor time constant (sec) 


I. INTRODUCTION 


N process control plants, chemical plants, power plants, 

Proportional-Integral-Derivative (PID) controllers are being 
extensively used owing to their simplicity. Past decades have 
witnessed ample advancements and researches in the arena of 
the application of PID controller in the process industries with 
an aim to mitigate the requirements of the end users. Improper 
tuning of such controllers requires a high degree of industrial 
expertise. For this reason, considerable interests are being paid 
towards the usage of intelligent approaches for the proper 
tuning of PID controllers. Neural Network [1], Fuzzy base 
approach [2], [3] Genetic Algorithm (GA) [4], Neuro-fuzzy 
approach [5], Evolutionary Computational techniques [6], [7] 
etc. are just a few among the numerous approaches adopted by 
the researchers for the tuning of the parameters of PID 
controllers. 
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Particle Swarm Optimization (PSO) [8], [9] is a population 
based evolutionary algorithm. The simulation of social 
behavioral pattern of organism, instead of the survival of the 
fittest, is the underlying concept of PSO. Here each candidate 
solutions (called particles) then fly through the search space. 
The velocity is constantly adjusted with the corresponding 
particle’s and its companions’ experience. It is expected that 
the particle will move towards better solution areas. 

The issues of model uncertainty and disturbances were not 
directly addressed in the classical control paradigm. In 
classical control design, it is presumed that these effects are 
' reduced by the use of feedback. However, in some cases 
where high quality control action is required, these issues are 
required to be addressed directly. Different robust control 
techniques started to evolve from such necds from carly 
1980’s among which, H.. optimal control [10] is one. In H.. 
controller design technique, the plant uncertainty and external 
disturbances are considered & an optimized fixed parameter 
controller is obtained to meet the conflicting demands of 
Stability under plant uncertainties and performance of the 
nominal model. The H. controller yiclds satisfactory 
performance for all the plant models within a given bound. 

In the present work, the following observations are made: 


1. In the prevailing literature [6], [7] it is found that the 
PID controller parameters need to be changed with 
the change in operating conditions. It is also found 
that with the fixed gain scttings of the PID controller, 
the system performance deteriorates considerably. 


2. If we go for H. controller to replace the swarm 
intelligent PID controller for AVR system, it is 
revealed that there is no such need of on-line tuning 
of the controller. At the same time, the required 
performance objective is fulfilled. 


3. The H.. based controller also yields better disturbance 
rejection. 
II. SYSTEM MODELING 


The main cause behind the wide acceptability of PID 
controllers by the industry houses is lying in thcir simplicity. 
Its main focus here is reduction/climination of steady state 
error as well as an improvement in the dynamic response. 
Reduction/elimination of steady state error is achieved by 
adding a pole at the origin with the help of integral controller, 
there by increasing the system type by one. Transient response 
improvement may be visualized from the action of derivative 
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controller which adds a finite zero to the open loop transfer 
function. As modeled in this paper, the transfer function of 
PID controller [7] is 

G(s) =Kp+ Ai + Kas 0) 
Table I depicts parameters of PID controller & AVR model 


as considered in this work, transfer function of each item 
including limits of parameters [6]. In [6], Zwe-Lee Gaing has 


K 
E where K, 
+45 
depends on load (0.7 to 1.0) and 1.0 sec < T < 2.0 sec. The 
same model has been taken in the present work. 
TABLE I 


PARAMETERS OF PID CONTROLLER & AVR MODEL WITH 
TRANSFER FUNCTION AND PARAMETER LIMITS 





taken the generator transfer function as i 














Item Transfer Function Parameter Limits 
PID K 02<SK,,K, Kus20 
Controller G(s) = K,+—++ Kas 

S 
Amplifier . K 10<K,<40 
te TP sptitier = z 
l+ Tas 0.02 sec < Ta <0 1 sec 
eT Fts 0.4 secs T < 10 sec 
Generator Ke K, depends on load 
TF —_ 
(0.7 to 1.0) 
l+ ags 
1.0 sec < T, < 2.0 sec 
Sensor Ks 0.001 sec < 1, <0 06 sec 
7 1+, 


TH. AVR WITH PID CONTROLLER 


Incorporating the models of Table I, a composite AVR 
system along with PID controller is obtained. The block 
diagram representation is shown in Fig. 1. Equation of the 
incremental change in terminal voltage with an incremental 
change in reference voltage input is as in (2). 


Ke [era] ave (2) 


1+, 


(3) 
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Fig 1. Block diagram of AVR system along with PID contioller. a. 


IV. Ha MIXED-SENSITIVITY PROBLEM 


In the mixed-sensitivity problem [10]. the sensitivity 
function S(s) and complementary sensitivity function T(s) 
both are made small. Keeping S(s) small implies good 
disturbance rejection and good refcrence (set point) tracking 
performance. Keeping T(s) small, on the other hand, implies 
robustness with respect to multiplicative uncertainty and noise 
rejection. 

However, the fundamental trade-off in such a design arises 
from the fact that S(s)+T(s)=1, V @>0 meaning that 
both the functions cannot be minimized at each frequency. In 
H.. mixed-sensitivity problem, a fixed order optimal controller 
is sought that makes S(s) & T(s) small in the sense of their Ha 
norm in low & high frequency ranges respectively. The 
sensitivity & uncertainty weighting functions W,(s) & W2(s) 
respectively gives a measure of the upper bound on S(s) & 
T(s) respectively. 

Fig. 2(a) shows the block diagram representation of the 
mixed-sensitivity problem which is then cast into the general 
Linear Fractional Transformation (LFT) framework as shown 
in Fig. 2 (b) where the generalized plant P is given by as in 
(4). 





Fig. 2. Mixed-sensitivity problem. (a) Block diagiam repicsentation, (b) 
Linear Fractional Transformation 1epresentation. 


Wiw G 
pil? ¿WG A 
= -G 


The Transfer Function from œ@—z is then given by as in (5). 


(5) 


-I WS 
Tzw = Pi +P K-PKK) Pa = 


WT 


Keeping Mawl <y implies keeping wish, <y and 
{WoT}, <Y. where y is a small fraction. Here, [Taw |, 
means that H. norm of Tzw which is defined as 


flaw i. = sup o (Ta (j@)) where o denotes the maximum 
© 


singular value. For SISO system, H.. norm is calculated as the 
peak value of the Bode magnitude plot. Though the weighting 
functions W,(s) & W2(s) directly come from the problem 
formulation, sometimes it is useful to treat them as tuning 
parameters for better design. 


V. DESIGN OF H.. OPTIMAL CONTROLLER 


In Fig. 3, 


K 
G(s) = Ka Ke x £ e 
(L+Tas) (1+t,s) (I +Tgs) (1+,s) 











(6) 


AY, 





Fig. 3. Unity feedback structure of the AVR system. 


58 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


The sensitivity weighting function, W,(s) is chosen for the 
present problem as in (7). corresponding to settling time < 2.1 
sec, % overshoot S 2 % and steady state error to step input < 
0.5 %. 


25s? +39.13s +15.31 
S? +5.247s? +1.253s +0.0766 


The uncertainty weighting function, W2(s) is chosen as in 
(8) based on the model uncertainty considered and with some 
trial and error. 


W (s) = (7) 


4 
W2(s)=—> (8) 
10 


Frequency response of Wy") & Wy,'(s) is depicted in 
Fig. 4. From this figure it ıs observed that 
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Fig. 4. Frequency plot of Wr’(s) and W2"'(s). 


For these parameters an H. controller is designed using 
robust control toolbox of MATLAB 7.1 [11]. The transfer 
function of the obtained H. controller is given as in 
(9). 

234048.6599(s -+100)(s + 10)(s + 2.5) 
Kis) (s +1.159\(s + 1)(s +.0.5987) 
(s? +50,58s+1.013x10*) 
(9) 
VI. SIMULATION RESULTS & DISCUSSIONS 


From the earlier work [7], optimal transicnt response 
characteristic in respect of step response of incremental 
change in terminal voltage for the AVR system with varying 


~ (§+5)(82 +0.2475s +0.01531)(s? +224.6s-+1.553x104) 


values of K, & Te ((K, = 0.7, t% =1.0); (K; = 0.8, t = 1.2); (K; 
= 0.9, t = 1.4); (K; = 1.0, q = 2.0)) is shown in Fig. 5. This 
figure indicates that the system performance deteriorates with 
the change in K, & 7, values. Thus, it is clear that the 
controller requires continuous tuning under varying load 
condition. 


—— K 0.7, 1 =1 Q 





2 3 
Time (sec) 


Fig. 5. Step response of incremental change in terminal voltage of PID 
controller based AVR system for different values of Ky & %. 


In Fig. 6, step response of incremental change in terminal 
voltage of the H. optimal controller based AVR system for 
varying load conditions (same parameter variation as in Fig. 5) 
is shown. From Fig. 6 it is clear that the system performance 
remains almost unaltered under system parameter variations. 


Step Response of AV, 
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Fig. 6 Step 1esponse of incremental change in terminal voltage of H. 
controller based AVR system for different values of K; & +, 
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The Bode magnitude plot of the sensitivity functions of the b) Replacement of the swarm intelligent PID controller 
closed loop system considering PID controller and Hu. by IL. controller for AVR system needs no on-line 
controller based AVR system is shown in Fig. 7. showing tuning of the controller. H.. controller performs 
better disturbance rejection for the IL. controller based AVR faithfully within the prescribed objective criterion. 
system. . ee F 

ys c) Better disturbance rejection in H. based controller is 
Sensiivity of Closed Loop System noticed, 
10 7 
| | | 
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Abstract— The efficiency of a thermal power plant or captive 
power plant mainly depends on the energy losses in the steam 
generation unit of the plant in addition to other losses in the 
steam turbine section. In the present paper the energy losses in 
the steam generation unit of a naphtha and natural gas based 
captive power plant have been studied. From the online data of a 
running plant, the probable losses have been calculated and it has 
been observed that the considerable part of the losses is due to the 
flue gas as well as the hydrogen content of fuel. Again the heat 
loss in flue gas is contributed by air Icakage in rotary air (RA) 
heaters to a large extend. The theorctical equations used to 
calculate these losses are presented in the paper and from these 
equations the efficiency of the plant has been indirectly 
calculated. On the other hand, the efficiency has been calculated 
by direct method from the cnthalpy of the output steam and the 
heat content of the fucl. The efficiency values obtained from these 
methods almost coincide. This ensures the accuracy of the less 
calculations by indirect method. From these calculations an 
alternative technique to reduce the energy losses in place of the 
RA heater section and get the optimum efficiency of the plant has 
been suggested in the papcr. 


Key words— Captive power plant, Direct Method, Energy 
Conservation, Efficiency, Indirect Method, Rotary Air (RA) 
heater, Steam Generation Unit. 


I. INTRODUCTION 


N a thermal power plant, demineralised and deacrated water 

is heated in the water tube of a boiler drum by burning solid, 
liquid or gaseous fuels in the furnace. In order to increase the 
efficiency of this power plant the flue gas obtained from the 
furnace is utilised to increase the temperature of combustion 
air in a heat exchanger. In many plants, the rotary air (RA) 
heaters [1 - 5, 7-9] are used to heat 
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the combustion air by flue gas. But the air leakage in rotary air 
heater produces a considerable amount of heat loss in the form 
heat carried by the leakage air into the flue gas and also in the 
form of more electric energy consumed by the FD and ID fans 
to supply the leakage air. Again the increase in hydrogen 
content in the fuel produces increase of water vapour, which 
carries large amount of lost energy due to its higher value of 
latent heat and thermal capacity. These losses along with the 
other losses decrease the efficiency of the power plant. Hence 
improving this heat recovery process after Economiser 
sections may increase the efficiency of the power plant. This 
increase of efficiency of a power plant is directly related with 
the plant economy. So many works are still being reported on 
the performance and efficiency of a thermal power plant. 
Hiroshi Miyama ', Hitoshi Kaji ', Yasuo Hirose *, Norio Arai 
[9] have analysed heat transfer characteristics of a rotary 
regencrative combustion system (RRX). N. Ghodsipour and 
M. Sadrameli [8] have performed experimental and sensitivity 
analysis of a rotary air preheater for the flue gas heat recovery. 

In the present paper the energy losses in a steam generation 
unit of a typical naphtha and natural gas based captive power 
plant have been studied. From the online data of a running 
plant, the probable losses have been calculated and it has been 
observed that the flue gas and the hydrogen content of fuel are 
responsible for a considerable part of heat loss. Another 
important reason of heat loss is due to leakage air in rotary air 
(RA) heaters. The theoretical equations used to calculate these 
losses are presented in the paper and from these equations the 
efficiency of the plant has been indirectly calculated. From the 
enthalpy of the output steam and the heat content of the fuel, 
the efficiency has also been calculated by direct method. It has 
been observed that the efficiency obtained from indirect 
method almost coincides with that obtained from direct 
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method. This ensures the accuracy of the loss calculations by 
indirect method. From these calculations an alternative 
technique of improving the efficiency of the plant has been 
suggested in the paper. 


Il. METHOD OF APPROACH 


A. Calculations of Heat Losses in RA heater: 


Let the fuel flow rate in boiler furnace be A tomh and the 
theoretical air requirement per ton of fucl for stoichiometric 
combustion of fuel be-B ton Therefore total theoretical air 
requirement for stoichiometic combustion of fuel will be 
(A*B) tomh. But in practice, theoretical air is not sufficient for 
complete combustion. This excess air requirement depends 
upon the type of fuel as well as upon the design of the burners. 
Let the excess oxygen be a; % by volume, which is mcasured 
by online oxygen analyzer that is mounted in the path of flue 
gas exit from the boiler. Hence the percentage amount of 
excess air is given by the formula 


bı = [a; (21 — a1) J*100. (1) 
Therefore total air supplicd to the boilcr which 1s called the 
combustion air is given by, 


C = (1i+b, /100)*A*B (2) 
Normally 77% by weight of nitrogen and 23% by weight of 

oxygen are present in air. So in C ton combustion air, the 

amount of oxygen is 0.23 C ton. 

In a RA heater, as the disk slowly rotates, some amount of cold 

air passes to the hot gas path duc to seal leakage and also some 

amount of hot gas may directly mix with the cold air. 

Let the amount of total fluc gas be X tons, in which X; ton 

directly mixes with the combustion air and X; ton goes to stack 

which contains a1% oxygen by volume. 


Le„ X =X, + X, (3) 

Let the total cold air discharges from the FD fan be Y ton, in 
which Y, ton directly goes to the furnace as a combustion air 
and Y; ton goes to the stack as a Icakage arr. 


ie, Y=Y,+Y2 (4) 
Let the excess oxygen percentage at the outlet of RA heater 
be a, % by volume and furnace infiltration air leakage be Le;, 
which contains 23% oxygen by weight or 21% oxygen by 
volume. Now from the oxygen balance equation, oxygen 
supplied through the combustion air is equal to the total 
oxygen required for the complete combustion. Therefore, 
a3X, + 0.23 Y;+ 0.23L, = 0.23 C (5) 
Where, a3 = excess oxygen percentage by weight = 23 a,/21 
Again from the total flue gas calculation, 


X= Y,;+A+Le, (6) 
The oxygen balance equation at the outlet of RA heater is 
given by, 


aX: + 0.23 Y2 = a4 (X2 + Y2) (7) 
Where, a; = excess oxygen percentage by weight = 23 a;/21 
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Or, Ya = [(a4-a3)/(0.23 - a4)] X2 (8) 
Combining the equations (6) and (8), we get 
Y2 = [(ay-a3/(0.23-a4)] (Yı + A + Ley) (9) 


Let the inlet flue gas temperature at RA heater be T, and the 
outlet flue gas temperature after heat transfer to cold air and 
mixing with leakage cold air from the RA heater be T}. Let the 
inlet cold air temperature be T, (which is the ambient 
temperature) and after heat gain from the RA heater 
combustion hot air outlet temperature be T3. 

Hence the heat transfer by hot flue gas to the cold combustion 


air 

= X)*C,)*(T-T3) + X2*C2*(T}-T2) + HL, (10) 
(where, HL, = heat loss in RA heater) 

This heat is gained by the cold air and the total heat gained by 
the cold air 

= Yi*Cp* (T3 — Ts) + Ya*Cyg*(To-Ta) (1) 
where, Cpi. Cpr, Cp3, and C,, are the specific heats at constant 
pressuie in the respective temperature zones as stated in the 
above equations. 

Therefore from the heat balance (10), & (11), we get 

Ky Cy *(L1-T3) + X2*Cp*(T1-T2) HL, = Y1*Cy3*(T3 — T4) + 


Yo*Cya*(T2-T4) (12) 
Neglecting the variation of Cp with temperature, Cpi=Cp:= 
Cp3=Cpa=Cp. 


Therefore, (12) can be written as, 
X,*(T\-T3) + X2*(T1-T2) +HL = Y "(13 — Ty) + Yo*(T2-Ts) 
(13) 
For Ideal Case, if we assume negligible infiltration of 
leakage air Le; into the furnace, and very small heat loss HL; 
in the RA heater compared to the heat transferred to 
combustion air, then (S), (6), (8) and (13) can be written as 
simplified forms by the following (14), (15), (16), and (17) 
respectively. 


a3X%, + 0.23Y; = 0.23C (14) 
M.=Y,+A (15) 
(16) 


Y2 = {(a4ra3)/(0.23-a4)]* (Yı + A) 
and 


X)*(T|-T3) + X2*(T1-T2) = Y1*(T3 ~ Ty) + Yo*(T2-Ta) (17) 
Combining (15), (16) & (17), we have, 


Xi * (T-T) + (Vit A)*(T)-T2) = Y1*(T3 — Ta) + [(a4-a3(0.23- 
a4)]* (¥1+A)*(T2-Ty) (18) 
The equation (18) can be written as simplified form, 
BıXı + BoY, = B; 
where B, =(T,-T3), 
Bo =[(T1+T4-T2-T3) — (a4-a3) *(T2-T4)/(0.23-a4)] 

and B3 =[{(as-a3) *(T2-T4) /(0.23-a4)} - (Ti-T2)]* A, 

All of which are constants for a particular boiler at particular 
load conditions. 

Therefore total energy loss due to leakage air = Y, x Ç, x 
(T2-T4)/1000 MKCal/H 
(20) 
From (14), and (19), we can easily find the value of X, and Y, 
and from these two known values we can easily find the 
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amount of flue gas X, and the leakage air Y} from the 
equations (15) & (16) respectively. Solving these equations, 
we can easily diagnose the problem of RA heater & different 
losses. 


B. Calculation of Heat Losses in other Units 


Let us consider the following losses which are 
applicable to liquid, gas and solid fired boilers as 
per standard formulas: 

L1- Loss due to dry flue gas (sensible heat) 

L2- Loss due to hydrogen in fuel (H2) 

L3- Loss due to CBD (Continuous Blowdown) flow 

LA- Loss due to moisture in fuel (H20) 

L5- Loss due to moisture in air (H20) 

L6- Loss due to carbon monoxide (CO) 

L7- Loss due to surface radiation, convection and others.* 
The following losses are applicable to solid fuel fired boiler in 
addition to above 

L8- Unburnt losses in fly ash (Carbon) 

L9- Unburnt losses in bottom ash (Carbon) 


C. Calculation of Boiler Efficiency by Indirect Method from 

Heat Losses - 

- The efficiency is the difference between the energy input to 
the boiler and the heat losses calculated. 


Boiler efficiency = 100 — (L1+L2+L3+L4+ 
L5+L6+L7+ L8+L9) 
(21) 


D. Calculation of Boiler Efficiency by Direct Method from 
Enthalpy of Steam ` 


’ 


Q x GI-h) 

Boiler efficiency = x 100 (22) 
qx GCV 

Where, Q = Quantity of steam generated per hour (kg/hr) 

q = Quantity of fuel used per hour (kg/hr) 

GCV = Gross calorific value of the fuel (kCal/kg) 

H = Enthalpy of steam (kCal/kg) 

h = Enthalpy of feed water (kCal/kg) 


NI. CASE STUDY 


The present study has been made in a typical steam 
generation plant of naphtha and natural gas based fertilizer 
plant at the Thal Unit of Rashtriya Chemicals and Fertilizers 
Limited, Maharashtra, India during running condition of the 
plant in order to examine the effect of RA heater losses and to 
investigate about the effect of RA heater on the efficiency of 
thermal power plant. A number of studies have becn made of 
which the observations during April'2006 are listed in the 
following Table-I. 


A. Experimental report of the effect of RA heater of the 
captive power plant at Thal Unit, India in April ’2006: 
TABLE-I 


ooo O O a: Ñ Na OE 
B= 












Fuel (Naphtha) Consumption (T/H) A= 14.734 
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Excess O2% by vol / by wt. in RAH inlet 
Excess air in RA heater Inlet (% | 178 ë O 


17.8 
5.5/6.0 
35.5 


A* B= 224.0 










| RAheater Inlet Temperature(C) | 2355 | 
| RA heater Outlet Temperature C) TS 
| Ambient Temperature(C) CTC Cd 
Atomizing steam flow rate 
From (14), we get 

X1*0.035 + Y,* 0.23 = 264.0*0.23 






appx. 


Or, 35X,+ 230Y, = 60720 (23) 
From (15), we get 

X_,= Y; + 15.7 (24) 
From (16), we get 

Y- = [(0.060-0.035)/(0.23-0.060)]* (Y; + 15.7) 

Or, Y2 =0.147 * (Yı + 15.7) (25) 


From (11), we get 

Xı* Cp;*(255-180) + X2* Cp2*(255-114.5) = Yı* Cp3*(180 — 

30) + Y2* Cp4*(114.5- 30) 

Or, 75 Cpi*X; + 140.5 Cpo*X2= 150 Cpa *Y 1+ 84.5 Cps*Y2 
(26) 

Now taking Cp,=Cp2= 0.24, Cp3=Cps=0.23, the above 

equation is reduced to 

18X; + 33.7X2= 34.5Y 1+ 19.4Y2 (27) 

From (33), (34), and (36), we get 

18 X; + 33.7 (Y; + 15.7) =- 34.5Y + 19.4*0.147* (Y; + 15.7) 

or, 18X; — 3.7 Y, = -484.3 (28) 

Now solving (23), and (28), we get 

Xı =26.5 T/H, Yı = 260.0 T/H, X: = 275.7, & Yı =40.5 T/H. 

Total air flow = Y, + Y2 = 300.5 T/H & leakage air 40.5 

TAL 

Also for this amount air leakage causes energy losses due to 

carrying heat=40.5*0.23*(114.5 -30V1000= 0.787 MKCal/H 

i.e., 6296 MKCal/Annum (taking 8000 Hours per annum). 


B. 
1. 


Calculation of Heat Losses in other Units 


% Heat loss due to flue gas = 21.5*0.24* (114.5-30\V11500 

= 3.79 % 

% Heat loss due to hydrogen in fuel = 

9*0.145{584+0.45(114.5-30)}/11500 = 7.06% 

. % Heat loss due to CBD = 4.0 * (351 — 
189)/(14.734*1 1500) = 0.38% 

. % Heat loss due to moisture in air = 
{21.7*0.025*0.45(1 14-30)*100}/1 1500 =0.2% (Taking 
0.025 Kg/Kg of dry air). 

. % Heat loss due to other unaccounted losses likely unburnt, 
moisture in fuel, & radiation losses (L4+L6+L7)= 1.5% 
(approximately) 

6. For liquid & gascous fuels L8 & L9 = 0.0% 


C. Calculation of Boiler Efficiency by Indirect Method from 
Heat Losses 


Boiler efficiency = 100 — (3.79 + 7.06 + 0.38 + 0.2 + 1.5) = 
87.07% (29) 


2. 
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D. Calculation of Boiler Efficiency by Direct Method from 
Enthalpy of Steam 

Steam flow rate ~ 235.9 MT/H, Naphtha flow rate — 14.734 
MT/H, Enthalpy of Final steam from boilers — 811 Keal/Kg. 
Enthalpy of LT Inlet Water — 189 Kcal/Kg 

Boiler Efficiency = {235.9 * (811 -189) *100}/(14.734* 
11500) =86.6% (30) 


IV. MODIFICATION OF THE PLANT TO INCREASE EFFICIENCY: 


Since the different units of a Thermal Power Plant have 
fixed losses as discussed above which can not be reduced 
further even for best design, so the only means of increasing 
the efficiency of a thermal power plant is to economically 
reuse the lost heat carried by the flue gas. The heat carried by 
the flue gas consist of two major parts, one of which is the heat 
content of the water vapour and the other is the heat content ‘of 
excess air of furnace’ and leakage air of RA heater. An 
alternative technique is using heat exchanger in place of RA 
heater. In this technique two heat exchangers instead of two 
RA heaters are proposed to be used, where heat exchanger 
(HEX-2) is used as a pre heater of the FD fan output air and 
heat exchanger (HEX-—1) is used for reheating this pre heated 
air before it enters the furnace up to about 240 °C instcad of 
180 °C to 200 °C (depending on the boiler steam load) as in 
the case.of RA heater systems. The ID fan is to be installed 
between HEX-1 and HEX-2 in order to avoid the cffect of 
condensed water vapour. The corrosion effect of the 
condensed water vapour on the duct and chimney material may 
be avoided by using better water resistant material or by using 
a suitable water trap at the outlet of the HIEX-2. The relevant 
calculations for heat cxchangers of moderate efficiency of 80% 
are stated below. 


A. Design Data of Heat Exchanger-] Flue Gas side for full 
Load condition: 


eee NR Ble 
SG 





Naphtha 














MCR | 75% | MCR 
Exces air m Fumace (%) | 80 | 80 | 100 | 100 | 
Bxces air m RAH i1 (%) | 100 | 100 | 120 | 120 | 
19.5 | 261 | 196 | 
Hot air to WB Temp CC) | 200 | 168 | 200 | 168 | 
272 

gas 










B. Calculation of Heat Losses according to Design Data 
with NG Fuel in other Units: 


GCV of NG =12000 Kcal/Kg. 

m = Mass of dry flue gas in Ton/Ton of fuel = (336.8 + 
16.454)/16.454 =21.5 

T2 % in Naphtha = 24 

Cp = Specific heat of superheated steam in kCal/kg°C = 0.45 
Cp = Specific heat of flue gas in kCal/kg =0.24 

1) % Heat loss due to flue gas = 21.5*0.24* (130.0-30) 
*100/12000 = 4.30 % 

2) % Heat loss due to hydrogen 
9*0.24{584+0.45(130-30)}*100 /12000 

3) % Heat loss due to CBD = 0.0 % 

4) % Heat loss duc to moisture in air ={20.5*0.025*0.45(130- 
30)*100}/12000 =0.19% (Taking 0.025 Kg/Kg of dry air). 

5) % Teat loss due to other unaccounted losses (L4+L6+L7)= 
1.5% (approximately) 

6) For liquid & gaseous fuels L8 & L9 = 0.0% 


C. Calculation of Boiler Efficiency by Indirect Method from 
Heat Losses 


Boiler efficiency = 100 — (4.30 + 11.32 + 0.0 + 0.19 + 1.5) = 
82.69 % (31) 


D. Design of Heat exchangers & Calculation of 
Boiler Efficiency by Indirect Method in new scenario: 
As the maximum air requirement for gas firing, so we 
should design heat exchangers HEX-1 & HEX-2 with higher 
air flow. 
Let be the design data for HEX-1: 
Air to FD fan = 308.3 TAT, LT outlet flue gas flow = (314.1 + 
16.5) = 330.6 T/H, Inlct Temperature — 272 °C, Outlet 
Temperature — 140 °C, Ambient Temperature ~ 30 °C 
NG contains (approximatcly)- 75% C & 24% H, 
In this flue gas, there 1s some water vapour present, which 
comes from H2 in fucl (for NG & Naphtha) (and atomizing in 
steam for Naphtha firing).Total wt. of water vapour for NG = 
(9*.24*1 6.45) =35.5 T/H 
Total heat given by flue gas in HEX-1 = {295.1*0.24*(272 — 
140)} + {35.5*0.45*(272-140)} =11.457 MKCai/H. 
Let be the Design Data for Heat Exchanger-2 (HEX-2) 
in Fluc Gas side: 
Inlet Temperature — 140 °C, Outlet Temperature ~ 95 °C 
Total-heat given by flue gas — 295.1*0.24*(140 — 95) =3.187 
MKCal/II. With this heat, some parts of the water vapour will 
be condensed and given up latent heat with the sensible heat. If 
we consider 18 % of the water vapour are condensed, then heat 
given by water vapour = {35.5*0.45*(140-100)} + (0.18 *35.5 
*{540+1.0*(100-95)}] + [0.82 *35.5 *0.45*(100-95)} =4.187 
MKCal/Il. 
Thercfore total heat given up by the flue gas in HEX-2 side = 
(3.187 + 4.187) =7.374 MKCal/H. 
Let be the Design Data for HEX-2 in Combustion Air side: 
If we take 80% overall heat transfer efficiency of exchanger, 
then heat taken by cold air of 30 °C and rise the temperature 
up to in HEX-2 be={0.80*7.374*1000/ (308.3*0.23)} + 30 


in fuel = 
=11.32% 
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=113.2 °C, by which HEX-2 approach will be in the range of 
27-28 °C. 
Let be the Design Data of Heat Exchanger-1(1JEX-1) 
Combustion Air side: 

` If we take 80% overall heat transfer efficicncy of exchanger, 
then heat taken by hot air of 113.2 °C and rise the temperature 
up to in HEX-1 be={0.80"11.457 *1000/ (308.3*0.23)} + 
113.2 (approximately) = 242.5 °C, by which HEX-1 approach 
will be in the range of 30 °C. 











uc gas in Boiler to HEX-1 272 
IHEX-2 Temp 


oid air from FD Ta 10 HEX? 6 113.2 | 242.5 30 1132 
HEX-1 Tem 


E. Calculation of Boiler heat Losses according to New 
Design Data with NG Fuel in new scenario: 

1) % Heat loss due to flue gas = {(17.35*1.08) +1.0}*0.24* 
(95-30)*100/12000 = 2.56 % 

2) % Heat loss due to hydrogen in fuel = [.82*9*0.24 {584 
+0.45(95-30)} + {0.18*9*.24(95-30)}]*100/12000 = 9.26 % 
3) % Heat loss due to CBD = 0.0 % 

4) % Heat loss duc to moisture in air = {18 7*0.025*0.45(95- 
30)*100}/12000 =0.10% (Taking 0.025 Kg/Kg of dry air). 

5) % Heat loss due to other unaccounted losses likely unburnt, 
moisture in fuel, & radiation losses (L4+L6+L7)= 15% 


(approximately) 
6) For liquid & gascous fuels 18 &L9=0.0% 


F. Calculation of Boiler Efficiency by Indirect Method 
from Heat Losses:: 


Boiler efficiency = 100 — (2.56 + 9.26 + 0.0 + 0.10 + 1.5) = 
86.58 % (32) 


G. Design Data of Heat exchangers (HEX-1 & HEX- 
2) & Calculation of Boiler Effictency by Indirect 
Method from Heat Losses in new scenario with 
present Load een e Fuel: 


O a eo ee 
"Temperature Condition | Talet [Out Talet | 07% 


+ nl dal 


1 & HEX-2 Temp. °C 
old air from FD fan to HEX 234.1] 30 1111.8 
2 & HEX-! Temp.( 


H. Calculation of Boiler Efficiency by Indirect Method from 
Heat Losses:: ` 


1) % Heat loss due to flue gas = 19.0*0.24* (92-30)/1 1500 = 

2.46 % 

2) % Heat loss due to H; in fuel = [.65*9*0.145* $ 

{584+0.45(92-30)) + {0.35*9*,145(92-30)} 1/11500 = 4.76% 

3) % Heat loss due to CBD = 4.0 * (351 — 189)/(14.734* 
11500) = 0.38% 

4) % Heat loss due to moisture in air = {19*0.025*0.45(92- 

30)*100}/11500 =0.11% (Taking 0.025 Kg/Kg of dry air. 

5) % Heat loss due to other unaccounted losses = 1.5% 
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Boiler efficiency = 100 — (2.46 + 4.76 + 0.38 +0.11+1.5) 

90.79% (33) 

Therefore in increase in airy 90.79 — 87.07= 3.72% 
(34) 


Saving Calculation against RA heater: 


If we now take the present steam specific consumption 0.865 
MKCal/T of net steam, after installation of heat exchanger in 
place of RA heater increase in efficiency will be 3.72% and at 
that time specific consumption will be 0.8296 MKCaV/H. 
Therefore fuel & power saving will be (0.865 — 0.8296) 
0.0354 MKCal/H. 

If we take total boiler load is 450 T/H gross steam, then net 
steam is 358.4 T/H. 

Therefore net fuel & power saving will be =0.0354 * 358.4 
=12.687 MKCal/II, causes total energy saving per annum 
(taking 8000 hrs) be 101499 MKCal/H. (35) 


V. DISCUSSIONS 


From the calculation of efficiency by direct and indirect 
method as shown (29) & (30) is found that the efficiency value 
is almost the same in the two methods. This proves that 
different losses calculated by the theoretical (14 — 28) are 
almost accurate. The. proposed technique tends to increase the 
efficiency of the plant by a considerable amount from 87.07 
%to 90.79 %, which tends to compensate the cost increase due 
to usc of higher cost material in the outlet duct and chimney. 
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Abstract— Burner Management System (BMS) is a safety system 
for power generation companies that enables the safe start-up, 
operation, and shut down of the multiple-burner furnace section 
of a boiler. A good burner management system increases 
personnel safety and improves furnace protection with its 
sequencing and interlocking control design. The systems are 
designed to meet national and international standards (like 
National Fire Protection Association (NFPA) 85C, ISA S84.01, 
TUV, and IEC 1508) and regulations and also for fail-safe 
operation. In the present paper an investigation has been carried 
out to improve the burner management systems of the thermal 
power plant. Some modifications have been carried out in the air 
register damper and gun retraction system of BMS. The modified 
system has already been installed in 275 MT/H capacity boilers. 
The advantage of the modified system in terms of the smooth safe 
operation, reliability, energy saving and efficiency of the thermal 
power plant has been presented in this paper. 


Key words— Air Register Damper, Burner Management System 
(BMS), Efficiency, Gun Retraction System, Thermal Power Plant. 


L INTRODUCTION 


Burner Management System (BMS) ıs a safety system 

for thermal power plant that enables the safe start-up, 

operation, and shut down of the multiple-bumer furnace 
section of a boiler. These systems are designed to work 
efficiently with a variety of fuels including natural gas, oil, 
pulverized coal, solvents, off gases, biomass and other solid 
fuels for maximum reliability, flexibility and safety of thermal 
power plant. These systems are also designed to meet national 
and international standards and regulations. The proper 
designing of BMS increases the overall efficiency of the power 
plant and also decreases the maintenance cost as well as 
smooth operation of boilers. The modern Burner Management 
System (BMS) ıs PLC based system and is implemented based 
on the logic for safe and reliable startup 
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operation and shutdown of burners in the boiler. This is used 
for complete combustion of fuel with proper mixing of 
combustion air in the furnace of thermal power plant. For 
safety purposes, fuel addition should be limited by the amount 
of available combustion air, and combustion air may need 
minimum limiting for flame stability. 

Duc to this proper design of BMS, there is always air rich 
mixtue in furnace and hence leads to safe operation of boiler 
[1 - 6}. Many works [7 - 15] are still being reported on the 
performance and efficiency of a thermal power plant. KR. 
Shanmugam, P. Kulshreshtha [12] have analysed the efficiency 
of coal based thermal power plants in India have indicated that 
the avcrage Technical Efficiency (TE) is about 73%. F.H. 
Cunha & M. L. Le [7] have analysed the effect of high 
temperature in degradation of power plants. F.A. Polyvoda, 
V.I. Kabakov [11] have analysed the effect of power plant on 
pollution of environment. 


In the present paper some modified scheme in air register 
damper and pun retraction system of BMS has been proposed 
in order to climinate the problems of a typical PLC based 
Burner Management System. The first part of the work 
consists of identifying the problems of the system, which was 
already installed in a running plant at RCF, Thal Unit. In the 
second part of the work these problems have been analised and 
the defects of the control system have been identified. In the 
third part of the work a modified burner management system 
has been incorporated keeping the other existing control loops 
logics. In the last part of the work this modified control system 
has been tested online. The report of all these works is 
presented in this paper. It has been observed that all the 
problems of the earlier systems have been eliminated. 
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Il. CASE STUDY 


Circular Naphtha / Gas Dual Fuel Burner: 


The circular burners serve the purpose of atomizing the 
liquid fuel naphtha to a fine spray, mixing the fuel intimately 
with combustion air and impart to this mixture the turbulence 
necessary to ensure complete combustion. An electric igniter 
imparts the necessary ignition energy to start the combustion 
of the pilot flame. The burners have provision for firing gas 
through gas spuds that are so located that surround the 
atomizer assembly. 


The essential components are as under:- 


A) Air register assembly 

B) Gun retraction system for naphtha burner with 
atomizer sprayer cap and diffuser 

C) Gas fired lighter assembly 

D) Gas burner 

E) Flame scanner 

F) Sliding view ports 

G) Associated components for control function. 


A. Air Register Dampers: 

The air register assembly consists of a series of vancs 
surrounding the diffuser axially. The vanes overlap each other 
in the closed position and are inter connected by a linkage 
arrangement such that all vanes, also called doors, are operable 
simultaneously by means of a power cylinder provided at the 
burner front. The vanes swing through 55 Degrees to the full 
open position. The purpose of the air register damper is to 
provide a swirling effect to the combustion air entering from 
the windbox. This swirling effect is essential for the intimate 
mixing of fuel and combustion air for complete and efficient 
combustion. 

Closing of the air register damper results into increase in 
windbox to furnace differential pressure and consequent higher 
velocities of air entering from windbox. Besides, the entry of 
air from the register damper becomes more tangential. This 
increases the swirling of the atomized fuel. Thus, the air 
register provides a vital tool for adjusting the flame into a 
desired shape. The air register vanes can be adjusted shaft by 
moving the adjusting handle spanning 90 degree movement. 
The registers are designed to impart a clockwise or counter 
clockwise swirl, as seen from burner front. 

The air register dampers are operated from the air register 
cylinder with Bells Positioner. There is a three-position 
feedback by two proximeter switches attached with this system 
to indicate 20 % and 100% opening. 


B. Gun Retraction System 


The naphtha burner is mounted centrally in the air register 
damper assembly. The burner assembly can be axially adjusted 
to shape the flame as desired and then the burner can be locked 
in position by a set bolt. On multi-burner installations, the 
diffuser can be withdrawn from the naphtha firing position 
when neither gas nor naphtha is being fired (this is called 
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retracted position). This ensures that the diffuser as well as 
naphtha gun tips are well protected from the direct heating of 
the furnace. Auto gun positioning system is provided to 
facilitate above. The burner coupling mechanism is such that it 
facilitates easy and quick removal of the burner gun whenever 
required, 

An effective combustion of the fuel naphtha requires that 
the naphtha be atomized into fine particles and effectively 
mixed with the correct quantity of combustion air. The burner 
supplicd, is fitted with Y jet atomizer tip and uses steam as the 
atomizing medium. The atomized fuel and air mix thoroughly 
by the swirling air passing through the diffuser. The pressure 
of the atomizing steam is always maintained 1.2 to 1.5 kp/cm2 
higher than the naphtha pressure. In order to supply correct 
quantity of steam over the operating range, a constant pressure 
differential control loop is provided to control the steam flow 
in proportion to the naphtha flow 


Study of the Existing Air Register Damper & Gun Retraction 
System and Identification of the Operational Problems: 


A. Air Register Dampers: 


The original scheme is at burner startup, air register damper 
should be at 20 % opening position to let the pilot flame 
establish and once the pilot flame stabilized, fuel valve opens 
for this burner and air register damper starts opening to 100%. 
Again when burner is tripped or stopped, air register damper 
closes fully. For naphtha firing, after tripping of naphtha 
burner air register damper should be at 20% position for 
clearing sequence to be started to ensure that no fuel is present 
in the hose and in the gun. All the sequencing is done by two 
numbers of 3 way solenoid valves with two regulators, which 
are set at 0.4 Kg/cm2 for 20% opening and at 1.2 kg/cm2 for 
100% opening to give the signal to positioner. Another 
regulator 1s set at 4.5 kg/cm2 and is used to supply the air to 
positioner. 


It was observed for many burners that after giving burner 
firing command, air register was not moving to 20 % position 
from fully closed position. However, pilot flame is coming 
smoothly, may be duc to passing of air from register vanes. 


PLC Logic Scheme for Air Register Damper operation: 

For Burner-3C, 

Outputs- 0:25/05 & O0:25/06 

Inputs — [:33/14, [:33/05 

For full closing: Both Outputs energized. 

For 20% Opening: O:25/06 only energized and O:25/05 
should be De-cnergised. 

For 100% Opcning: Both Outputs De-energised. 


Rung 7:1052 | ee | } 0:25/06 
Rung 7:1054 ja 10 0:25/05 
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Problems Faced: 
In the above type of air register damper operation, following 
problems are faced dunng startup of the burners. 


1) Operation is not reliable as dampers get stuck up at 
different positions. 

2) High failure rate of Bells positioner and also 
unavailability of this positioner spares. (Although single 
problem is not yet found in the cylinder). 

3) Burner start-up problems. (Due to stuck up at 100%, 
pilot flame is not'stabilised and as a result burners are 
not started and also clearing is not possible) 

4) Air losses in positioner due to continuous venting. 


B. Gun Retraction System: 


In dual fired burners, gas is entered in the burner chamber 
from a separate pipe & after that it is distributed through 8 nos 
of guns of gas spuds for each burner, while Naphtha is entered 
along with atomizing steam through only one Naphtha gun. 
Gun retraction systems is used to position the Naphtha gun at 
different positions for different fuel firing conditions i.e., when 
burner is fired with natural gas, then gun position should be at 
gas position, for naphtha firing it should be at combination 
position and when burner is off it is at retracted position. 
There are three positions viz. retracted, gas and combination 
for feedback & three proximeter switches are used to indicate 
the three positions. Gas position is set at 2 to 3 inches behind 
the combination firing position for the very reason of 
protecting the naphtha gun spud from direct heating in case of 
gas firing. Retracted position is at sufficiently longer distance 
behind gas position. 

Gas position is set at 2 to 3 inches behind the combination 
firing position for the very reason of protecting the naphtha 
gun spud from direct heating in case of gas firing. Retracted 
position ıs at sufficiently longer distance behind gas position. 


PLC Logic Scheme for Gun Retraction System operation: 


For Burner-3C, 

Outputs- 0:25/10 (for Gas Position) & O:25/1 1 (for Naphtha & 
Combination Position) 

Inputs — [:34/17 (for Retracted Position), 1:33/06 (for Gas 
Position), & 1:34/00 (for Naphtha & Combination Position) 
For Retracted Position: Both Outputs De-energized. 

For Gas Position: 0:25/10 only Energized and O:25/11 should 
be De-energised. 


For Naphtha & Combination Position: Both Outputs 
Energised. 
Rung 7:1151 0 0:25/10 
B3/786 
B3/772 
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Rung 7:1156 2 0:25/1 1 | 


Problem Faced: 

To achieve these three positions, double piston & double 
cylinder type actuator is employed along with two 4-way 
solenoid valves. This system consists of many moving parts & 
is proved to be very prone to failure. At every start up or shut 
down of burner problems like gun stuck up, flexible air hose 
braking, proximity switch malfunction, stopper plate damage 
are observed. 


I. MODIFICATIONS 


A. Modified Scheme of Air Register Dampers: 

After studying the above problems and brainstorming, the 
air register damper system is modified in one of the burners of 
one boiler. This ts running successfully without any problems 
from few months. 

The scheme is as follows: 


1) Positioner is bypassed. 

2) One 4-way SOV in place of two 3-way SOV is 
mounted for 100% signal. 

3) One Air Filter Regulator is used in place of three 
regulators connected to supply the 4-way SOV. 

4) Two air tubes directly connected to the cylinder for 


opening and closing from SOV. 


PLC Logic Modified Scheme for Air Register Damper 
operation: 

Output- 0:25/1 1 

Inputs —1:33/14, 1:33/05 

For full closing or sctted position: 0:25/11 energized. 

For 100% Opening: 0:25/11 De-energised. 


Rung 7:1052 


Rung 7:1054 cal 0 


By incorporating above modifications air register damper is 
now opcrated at two positions i.c. full open and setted position 
(i.c. at full close or at 10 ~- 20 % as per requirement). 


Deleted 


0:25/11 


B. Modified Scheme of Gun Retraction Systems: 

After studying and analyzing above problems and also 

brainstorming, gun ictraction system is being modified in one 

of the burner. The boiler is running successfully without any © 
problems from few months. Starting and stopping of burner is 
verificd many times and is successful. 

The scheme is as follows: 

1. Gas position is removed. (i.e., naphtha gun remains at 
retracted position when burner is ON with gas firing). 
This will also cnsure protection of naphtha gun spud from 
overheating. 
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2. As only two positions of gun are required, one 4-way 
SOV is used in place of two 4-way SOVs and T-off the air 
for both the cylinders (if required). 
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PLC Logic Modified Scheme for Gun Retraction System 
operation: 

Output- 0:25/10 (for Naphtha & Combination Position) 

Inputs — [:34/17 (for Retracted Position), & 1:34/00 (for 
Naphtha & Combination Position) 

For Retracted Position: 0:25/10 De-cnergized. 

For Naphtha & Combination Position: 0:25/10 Energised. 


Rung 7:1151 Deleted 


Rung 7:1156 B3 0:25/10, 


j 


By above modifications gun retraction system is now operated 
at two positions i.e. retracted position and naphtha 
combination position. - 


IV. EXPERIMENTS 

The proposed modified air register damper and gun 
retraction system has been designed and incorporated in the 
PLC based conventional control system installed in the 275 
MT/H capacity steam generation plant of RCF, Thal, 
Maharashtra, India. It has been observed tbat most of the 
difficulties of air register damper and gun retraction system 
remove as mentioned above. With this solution not only above 
problem solved, but also saving electrical energy, saving 
instrument air, reduction in inventory etc. are listed below. 


Advantages and benefits of above modification for air register 
damper: 
“1) Positioner is not required i.e. reduced maintenance & 
maintenance cost as well. 
2) Saving of instrument Air in the positioner due to continuous 
venting. 
3) Saving power (current in one SOV, Relay). 
4) Reduction in inventory of SOV, Relay, 2-regulators, one 
output, etc. 


Advantages and benefits of above modification for gun 
retraction system: 

1) Bypass gas position, minimize maintenance & maintenance 
cost. 

2) Saving of instrument Air losses. 

3) Saving power (current in one SOV, Relay.) 

4) Spare savings of 4-way SOV, Relay, proximity switch & 
P&F amplifier, one output, one input, cables, tubing ete. 

5) Protection of gun tip. 


© ng 
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v. DISCUSSIONS 


From the above modifications now BMS operation as well as 
maintenance procedure is improved. Now air register damper 
and gun retraction system of a burner is smooth operated and 
causes less/no burner starting problems in the boiler. 
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Abstract- In any control loop of a process plant, the motorized 
valve, used as a final control clement, may be required to be 
positioned according to the set point decided by the process 
requirement. There are various types of position control 
techniques of a motorized valve. In the present paper, a position 
contral scheme of a motorized valve bas been described using 
Programmable Logic Controller (PLC). The final calibration 
data reported in the paper reveal the lincarity and reliability of 
the control system. 


Key words- Position control, Motorized valve, PLC, Control loop. 


1, INTRODUCTION 

HE final control element in any control loop of a process 

plant may be pneumatic, hydraulic or electric motor types 

{1], [2]. Pneumatic or hydraulic controllers are now being 
replaced by microprocessor based or PC/PLC based 
controllers in order to avoid maintenance problem. Again the 
pneumatic or hydraulic control valves need converters, which 
are required to convert electric voltage or current signals 
coming out from controllers. In order to overcome higher 
maintenance and manufacturing costs of these converters, the 
electric motor actuated control valves or motorized valves are 
now being used instead of pneumatic or hydraulic valves since 
they are driven directly by the analog DC voltage or current 
signal or digital signal from the electronic controller [1], [2], 
[11]. There are different position control techniques of a 
motorized valve such as firing angle control of a thyristor 
drive unit, armature control of DC motor [1], [2] [11], 
stepping motor [3], [5], linear motor control [6], PC based 
control [8], etc. 
The Programmable Logic Controller (PLC) normally is 
desired to work with digital I/O and sequence control. 
Normally PI and PID control schemes are accepted in various 
types of control applications [9], [10] [12]. PC Based position 
control schemes have wide applications in process plant [8]. In 
recent years it has been more common to integrate control 
actions into PLC systems [11]. The analog I/O of a PLC can 
be used to achieve PID control [12]. 
In the present paper the analog I/O of a PLC has been used to 
achieve the PID control of position of a permanent magnet DC 
motor actuated control valve. The valve is operated by the 
analog DC output voltage signal from PLC based PID 
controller. The valve position has been calibrated by using a 
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DC voltage signal from PLC based PID controller and the 
calibration results are reported in the paper. From these 
experimental studies, the repeatability and lineanty of the 
proposed control system are found to be within tolerable 
limits. 
I. METHOD OF APPROACH 
The developed motorized control valve consists of 12 volts, 
{0-RPM PMDC motor, which drives a Teflon seated valve in 
a 20 mm line at a reduced speed of 3 RPM by a gearbox [Rack 
and Pinion]. This valve is positioned by an analog voltage 
signal in the range of 0-5 V from PLC. The motor is rotated in 
both directions by using the analog signal obtained from PLC 
based controller. The analog signal at the O/P of the PLC is 
unidirectional, so separate circuit schematic has been 
developed for direction control of the DC motor. 
One analog input to the PLC is the set point signal i.e. the 
desired valve position. Actual valve position signal, which 1s 
obtained from the servo potentiometer attached to the motor, 
is fed to the other analog input to the PLC. Analog output 
from the PLC which is the PID controlled output, is used to 
move and position the valve motor as per the requirement. | 
The designed circuit for direction control of the motor consists 
of an instrumentation amplifier, an  opto-isolated 
phototransistor assembly and a relay assembly. The 
instrumentation amplifier provides the switching action signal 
to the opto-isolated phototransistor assembly and the motor is 
rotated in both directions by alternately changing the motor 
coil connections by means of relay contacts. The block 
diagram of the system is shown in Fig. 1. : 
m DETAIL CIRCUIT ANALYSIS 

The detailed circuit diagram is shown in Fig. 2. Here PLC is 
acting as the main controller. Its analog output, which is the 
controlled variable, is in the range 0-5 volt i.e. unidirectional. 
This unidirectional output can not be used directly to change 
the valve position because the valve motor should run ın both 
directions to move the valve actuator either towards full 
opening or towards the full closing depending on the 
requirement of the process. To achieve the bi-directional 
movement of the valve motor, the output from PLC is fed to 
one input of an instrumentation amplifier and the feedback 
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signal from position servo potentiometer attached to the valve 
motor shaft is fed to the other input of the same amplifier. 
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Fig. 1:Block Diagram of the System 
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Fig. 2: Detailed Circuit Diagram 


Thus the output signal of the instrumentation amplifier will 
change the polarity depending on the magnitude of the two 
input signals. This signal will act as the control action signal 
to the opto-isolated phototransistor assembly (T1 and T2). 
When TI will be ‘on’, relay RLI will be activated which will 
send the current through the motor in one direction and when 
T2 will be ‘on’, relay RL3 will be activated which will send 
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the current through the motor in the opposite direction. Relays 
RL2 and RL4 connected in series with RLI and RL3 are 
normally closed and can be activated through two micro 
switches, which will operate at the maximum and the 
minimum position of the valve to avoid the damage of the 
system. Thus the valve motor will rotate through the activated 
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relays in both directions according to the valve position 
requirement within the process. 


IV. CONTROLLER OPERATION 


PID or Three-Mode Controller [9,10] is one of the most 
powerful but complex controllers, where the operation 
combines the proportional, integral and derivative modes. This 


system can be used for virtually any process condition. The 
analytic expression is 


de, 
P=K,e,+ K,K,{e,dt+K,K, i + P10) 


a (1) 
Where 
= Controller output as percent of full scale 
e,= Eror of the controlled variable from the set point 
K , = Proportional gain (% per %) 
K,= Integral gain ((% /s)/ %) 
K,= Derivative gain (% -s/ %) 


P, (0) = Controller output at t=O 


Programmable Logic Controller or PLC is an mdustrial 
computer that accepts inputs from switches and sensors, 
evaluates these in accordance with a stored program and 
generates outputs to control machines and processes. As PLC 
can accept and provide discrete and analog values, the analog 
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input and output may be current or voltage signal and PLC 
converts the signal to an integer between 0 and 32768 [2’° for 
16 bit data bus] and vise versa. 

The ladder diagram developed for PID control using PLC 
Software is shown in Fig. 3. In the diagram each rung 
consists of different functional blocks and output from each 
block is stored in registers addressed as % ROOOON where N is 
register number. Power flows from left side to right side. After 
execution of 1“ rung one analog input (Set Point value) is 
entered in to PLC processor through IN terminal (INPUT 2), 
which is an integer in between 0 to 32786 depending on the 
magnitude of the signal. This integer value is converted in to a 
real number for appropriate scaling which is done by “INT TO 
REAL” and “DIV REAL” function blocks. After appropriate 
scaling the real value output is again converted into integer 
value by “REAL TO INT” function block and stored in 
Register whose address is ®RO0008. Similarly the measured 
value or process value i.e. another analog input goes to PLC 
after execution of 3™ rung and is stored in register address 
PR00014. PID controlled operation is performed in rung 2 by 
PID ISA function block where set value (SP) and process 
value (PV) are coming from %R00008 and %RO0014 
respectively. In PID ISA function block “MAN”, “UP” and 
“DN” terminals are always off (ALW_OFF) for automatic 
operation. Controlled variable (CV) is stored in ®ROOOIS that 
is an integer and can be again scaled in rung 4. The content of 
the register @ROOOIS will go to the analog output terminal of 
PLC to be fed to the appropriate output device. 








Fig. 3: Ladder diagram for PID control using VersaPro software 
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Tuning of controller [2,4,7,8,12] is the process of setting 
gains to achieve desired performance. The tuning sets the loop 
gains by optimizing the response to the command. Higher loop 
gains will improve command response and they also improve 
the disturbance response. 
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Fig. 4: Controller Tuning Window 


In PLC based PID controller provisions are there to set the 
tuning parameters such as controller gains and can be viewed 
the corresponding controller out. Set point value (SP), Process 
value (PV) and controlled variable (CV) - all are clearly 
observable during tuning and thus gain setting is very easier in 
this System. The typical controller-tuning window for tuning 
of PLC based PID controller is shown in Fig. 4. 

From the Fig. 4, it is clear that proportional gain, derivative 
gain, and integral gain can be set by the user and variation in 
set point (SP), process variable (PV) and controlled variable 
(CV) all will be observed from the same window. 


Vv.» EXPERIMENTAL RESULTS 


Before experimentation the limit switches SW1 and SW2 is 
placed on the valve body so that the motor stops at full open 
` and full close positions. During the experiment the valve shaft 
~ is moved in the forward or reverse direction by the manual 
push button switches FM) and R(M). After the perfect 
alignment of the valve, the linear position of the valve shaft 
was indicated on a circular scale and the valve was calibrated 
by using a variable DC voltage source at the input instead of 
an actual signal from a controller. The minimum and the 
maximum rotations of the valve shaft are adjusted by zero and 
span adjustment potentiometers. Now the controlled output 
signal from PLC was connected to the position control unit 
and the set point in PLC was increased in steps and at each 
step the actual valve position was observed in both increasing 
and decreasing modes. The valve characteristics thus obtained 
by plotting the valve position against set point voltage is 
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shown in Fig. 5. The percentage error from the linearity is 
found to lie within +/- 0.4%, as shown in Fig. 6. 
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` Fig. 5 The valve position characteristic 
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Fig. 6: The % error from linearity (analog position control 
system) 


VI. DISCUSSIONS 


From the valve position characteristic as shown in Fig.5, it 
is found that the characteristic is quite linear. The percentage 
error from linearity is within tolerable limit as shown in Fig.6. 
From experiment repeatability of the experimental data is 
obtained. The opto isolated phototransistor switches used to 
run the valve motor is less costly than the conventional, 
thyristor drive units. 

The controller is the PLC itself. A few key charactenstics 
make the PLC advantageous over other controllers. Firstly, 
PLC is designed to communicate directly with the process to 
be controlled and PLC recognizes these inputs and outputs as 
part of its system at a fixed address. Secondly programming 
and reprogramming is much easier with PLC based controller. 


‘Thirdly such types of controllers are designed to operate in 


demanding industrial environment such as high noise, high 
vibration, high temperature and high humidity. These three 
factors are largely responsible for the wide.acceptance of PLC 
as controller. They require no special programmer; no air 
conditioned rooms and no special input output systems to be 
designed. 
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Abstract--In this paper, design, analysis and simulation of 
Flyback Converter based Switched Mode Power Supply is 
presented. In the design approach Voltage range of 100V (AC) to 
265V (AC) is considered. The low frequency (5082, single-phase) 
input is converted to a high frequency (50 KHz) and then it is 
processed via high frequency Transformer and the secondary of 
this transformer is designed to give out AC voltage, which is 
again rectified and filtered out to give 24V DC, 5A output. A 
closed loop Flyback converter is designed and simulated. The 
designing of transformer in MATLAB is also discussed. Finally 
the Total Harmonic Distortion (THD) and the spectrum analysis 
of the output voltage at various loads are presented. 


Keywords — Flyback Converter, Rectifier, Saw Tooth, Firing 
pulses, MOSFET, Total Harmonic Distortion (THD), Spectrum 
analysis, PWM, CCM. 


I. INTRODUCTION 


TUALLY every piece of electronic equipment, e.g. 
computers and their peripherals, calculators, Television 
and other instruments are powered from a DC power 

source either in the form of a battery or a DC power supply. 
Since power supplies are widely used in electronic equipments 
there has always been a quest to improve the quality of power 
available from these sources. Among the currently existing 
transformer-coupled switching mode DC to DC converters, 
the Flyback converter is the simplest topology, since no choke 
is required only one power switch is used and the high- 
frequency power transformer with unifilar windings is 
employed. In addition to these structural advantages, it also 
possesses the merits of easy to obtain wide-range output 
voltage and multiple-output voltage with good transient 
response, Switching power supplies uses a high frequency 
switch (a MOSFET or a Transistor) with varying Duty cycle 
obtained from PWM (pulse width modulation) principle of 
feedback and instantaneous correction to maintain constant 
output voltage. A filter filters out the output variations caused 
by switching [2]. But here we will be dealing with the DC-DC 
conversion part of the SMPS. We have designed a closed loop 
DC-DC Flyback converter. 


Ul. FLYBACK CONVERTER CIRCUIT 


The basic circuit of the Flyback converter is shown in fig. 1. 
The major differences between other topologies and Flyback 
on the account of transformer construction are (a) No extra 
winding unlike the forward converter that employs a reset 
winding (b) The primary and secondary windings are wound 
in opposite direction. When the MOSFET switch is turned on 
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for a periodT,,, the current in the primary winding rises 
linearly and the energy is stored in the primary winding and 
when the MOSFET switch is turned off for a period Ty , the 


energy stored is transferred to the secondary winding. The fly 
back-switching regulator accepts a DC voltage input and 
provides a regulated output voltage of opposite polarity. 

1 


ee a | 
> Lys k Aaaa] 


Fig 1: Basic circuit of Flyback converter 








The main problem which comes into picture is the design of 
high frequency transformer because we need a transformer in 
which the two windings are wound for opposite polarity as for 


T,, energy is stored in the primary and for Ty, it is 


dissipated in the secondary [1]. But in MATLAB we have a 
transformer with same polarities on both windings. So we 
have used the transformer and the Diode and capacitor are 
reversed. Also the parameters of the transformer need to be in 
per unit system. 


I. DESIGN OF FLYBACK CONVERTER 
Input parameters: 


Vim =100VAC, V= =265VAC, Line frequency = 
50Hz, Maximum duty cycle ratio Dm= 0.45, Power 
conversion efficiency N = 80%, The efficiency is assumed to 


be 80%, because of various losses during switching and also 
in transformer. 


Output parameters: 
Via =24V, Lun =5A, Maximum Output Power = 


Val au = 245 =120W . 
Therefore Maximum Input Power will be 


Puf FOOL sa 
P, = taf = 0.8 =150W 
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The minimum dc link voltage is given by: 
P (d-D,) 
y Man = |2 Mn y2 im ch 
= Vine : Caf 
y =100V, P, =150W 


Ime 


(1) 


D,,is the DC link capacitor charging duty cycle, it is 
typically taken as 0.2 

D =0.2, f, =50Hz 

It is typical to select the DC link capacitor as 3LLF per watt of 
the input power. 


C,, =150x3=450uF 


Therefore from equation 1, vie n —122V 

The maximum dc link voltage is given by: 

Vo = SIV Ma 375V (2) 
The designing of the SMPS is done for the minimum input 
voltage V$" = 122V and it is open loop. 





Fig. 2. MATLAB model of Closed loop Flyback Converter 


The Flyback converter is thus modeled for 122V. The model 
is given an mput supply through a battery of 122V.Thus 
assuming ideal condition and no disturbances; it behaves like 
a DC-DC converter with input of 122V and an output of 24V 
and 5A. The circuit of Flyback converter designed in 
MATLAB is shown in fig. 2. 


Primary Side Design 

When the MOSFET is turned off, the input voltage Vi 
together with the output voltage reflected to the primary side 
of transformer (V_, ) is imposed on the MOSFET. 


V,, and the nominal MOSFET voltage V” is calculated as: 


(i-D,s) 
view = V + VM = 222V 


V =V" x =100V (3) 


(4) 
It can be seen, from the above equations that as Dna 


decreases, the voltage stress on the MOSFET decreases. 
However this increases the voltage stress on the rectifier 
diodes used on the secondary side. So it is typical to set 


D pex 88 0.45. 


Transformer Design 


One of the most important factors in the design of a Flyback 
converter power supply is the design of the transformer. 
Although we call it a transformer it is not actually a true 
transformer, but more an energy storage device, where during 
the period of time when the primary switch is on energy is 
stored in the air gap of the core, and during the off time of the 
primary switch, this energy is transferred to the outputs. 
Current flows in either the primary or secondary winding, but 
not both at the same time. Therefore it can be thought of more 
as an inductor with secondary windings added. Usually gap is 
introduced between the cores to increase the energy storage 
capacity. Ferrite is the most widely used core material for 
commercial SMPS (Switched mode power supply) 
applications. The type of the core should be chosen with 
regard to system requirements including number of outputs, 
physical height, and cost. An EE core has been selected 
because of its low cost and its typical application in auxiliary 
power battery charger. But in the MATLAB Simulink we 
have linear transformer with same polarity [4]. So to get the 
same effect we reverse the diode and capacitors. 


When MOSFET is switched on the current in the secondary 
side of transformer will not flow because the secondary diode 
is in reverse bias and during this period the capacitors 
discharge across the load or the voltmeter and when the 
MOSFET is switched off the inductance forces reversal of the 
polarities on all the windings. Therefore, the secondary diode 
conducts and the capacitors are charged and the secondary 
voltage induced appears across the load too or the voltmeter 


Primary winding inductance L,, is obtained as: 


ge OY eset (5) 
2Pp SK pp 
Switching frequency f, = SOKHz 
Kpr is the ripple factor and for CCM operation K pp <1. We 
have taken Kp, = 0.38. The Kpp is defined below in the 
fig. 3 
Once L, is determined, Maximum Peak current and RMS 
current of the MOSFET are calculated as: 
lenc = T 
Vie max 


= 150/ 122x 0.45 = 2.73 A (6) 
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2 
EE a = 5304H 
2x150x50x10° x0.38 
Min 
Al= me = = 122 x 0.45x 10°/ 530x50 = 2.07A (7) 
a Al 
| mea Oe + 5213+ 1.035 = 3.76A (8) 
i = [Bla uo 5 j= Pox 188A (9) 


The limiting value of the MOSFET current should be greater 
than the peak value of the MOSFET current with a tolerance 
of 12%. So we have chosen the limiting current as 


Tim = 6A. From the Ferrite magnetic core database, we 


have selected an EE core with the following specifications: 
Bu = 0.44 T, Aw = 255mm’, Ae = 233mm’. The minimum 
number of turns in the primary winding to avoid saturation is 
calculated as- 


oe Ln in x10° 
B XA 


it € 


Secondary Side Design: 

Now next step is to determine the turn ratio between the 
primary side and the feedback controlled secondary side as the 
reference 
The turn ratio between the primary and the secondary 
winding is calculated as- 


(Turns) = 36 (10) 


N, Vy 
n = —— = — ~ = 100024.9 =4.01 (11) 
N, +V) 


The number of primary turns assumed must be greater than 
N p™ -Assuming N „as 40 we get number of secondary turns 
as: 


N 
N, =—£=40/4.01 = 


10 turns 
n 
The RMS value of secondary side current is given by: 
1-D V 
I FIn UDa) Ve 2.344 (12) 
Drax V, +V; 


Since current density should be less then 10 A/mm?’ so 
from the wire gauge, table we should select the wire of proper 
thickness. The wire diameter should not be more than | mm 


to avoid severe eddy current losses as well to make winding 
easier. So we choose Primary Winding of 26SWG and 
Secondary Winding of 24SWG. While choosing the wire 


diameter care must be taken that window area of core Ay is 
enough to accommodate the wirings. 


Specifications of the wire chosen for Transformer 
Windings: 
Radius of wire of the Primary is 9, = 0.226mm 
Radius of wire of the Secondary is @, = 0.283mm 
Resistivity of the wire of Primary is p,,, =134.54Q/mm 
Radius of wire of the Secondary is p = 84.21uQ/ mm 
Number of strands for Primary winding is A, =3 
Number of strands for Secondary winding is A, =5 
Current Density is given by: 

I pus 2 
J =—= A/mm (13) 

As 

Where, A, is the area of the winding for single turn. 
Current Density of the Primary Winding is calculated as 


As(pri)=m*(,)° *A, =0.48 mm’ 
a 188 3.916 A/mm? = 19.256 mm? 
0.48 


Where, A- (pri) is the copper winding area for the Primary 


winding. Current Density of the Secondary Winding is 
calculated as 


A, (sec) = 1 *(,)? *A, 


iS 3%: 25655 A/mm? 
258 


we 
A (sec) =m *(@,)? *A, *N, =12.58 mm? 


Where, A- (sec) is the copper winding area for the 
Secondary winding. So the required winding area is given by 


= 1.258 mm’ 


Where, Aç is the total winding area, K, is the Fill Factor 
and its value lies between 0.2 ~ 0.25. Here we have assumed 
K, = 0.2 

The total copper winding area is equal to 

Ac = Ac(pri) + A, (sec) = 31.836 mm’ 


Therefore, the required winding area is equal to 
Ae 
Ay, = 


—— =31.836/0.2 
K, 
So the calculated value of A,, is less than 233 un’ (A, ) 
chosen. 


= 159.18 mm? 
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Calculation of Resistance of the Windings: 


Calculating the length of primary winding from the Core data, 
Mean Length per Turn (MLT) = 78.5 mm 
Length of primary winding = Number of Turns of Primary 


Winding x MLT 
=40°785 =31400 mm 
*N *MLT 
R =P Ne MM 0.14077 
pn A, 
Length of secondary winding = Number of Turns of 
Secondary Winding x MLT 
=10*785 =785 mm 
* * 
Rus — Pre *Ns*MIT 0013221 Q 
As 
Output Block: 


The Output block consists of a Diode rectifier and a filter that 
consists of a Capacitor. Capacitors are placed in parallel in 
order to reduce ESR (effective series resistance). Also the 
voltage rating of Capacitors should be high enough to 
withstand the voltage spikes. 

Output filters capacitor is calculated as: 


65* Al 
Cou =F 
ripple . 
Where, Al is the difference between the maximum and 
minimum value of the output current and is equal to 2A. 


Viipie Desired) = 90mV , C,,, = 1445 HF 





(14) 


I. FEEDBACK LOOP 


Consider the negative feedback loop for a Flyback converter 
in fig above. Consider that initially PI controller is not there 
then, for slow or dc variations of the output voltage Ve, the 
loop is, of course, stable. A small or slow variations of the 
output voltage V, due to either line input or load changes will 
be sensed by the gain block which brings down the voltage to 
a level comparable to reference voltage (Vf) and its further 
sensed by the inverting end of the error amplifier (comparator) 
and compared to a reference voltage at the non inverting end 
(positive end) of error amplifier. This will cause a small 
change in the DC voltage level Vea at the output of the error 
amplifier and also at the input to the pulse width modulator 
(PWM). 

The PWM, as described here to fore, compares the DC 
voltage level Vea at the input of the PWM generator to the 
repeating sequence (Sawtooth generator). The pulse fixes the 
on time of the MOSFET. Thus a slow increase in input 
voltage Vdc causes a slow increase in output voltage Vo. The 
increase in the output voltage causes an increase in voltage 
sensed by comparator and hence a decrease in the output of 
the error amplifier (Vea). Since To, is the time from the start 
of the triangle to the time till it is equal to Vea. So decrease in 
the Vea causes decrease in on time of MOSFET (Ton) and 
when Ton decreases output voltage V, decreases. Thus restores 
output voltage V, to its original value. Similarly, of course, a 
decrease in input voltage Vac causes an increase in on time of 
MOSFET (Ton) to maintain output voltage V, constant. It 





must be insured that polarities are such that an increase in 
output voltage V, causes a decrease in on time of MOSFET 
(Ton).The circuit thus provides negative feedback and a stable 
circuit for low frequencies. For making the loop stable at 
higher frequencies we use PI controller and PI controller 
needs to be tuned. Once PI controller is tuned the closed loop 
Flyback converter is designed. Now the output of the Flyback 
converter will remain constant when there is any variation in 
the input voltage or the output load. 


IV. SIMULATION RESULTS AND DISCUSSION 


The Simulation Results of the DC-to-DC Flyback Converter 
are presented below and discussed. The waveforms for the 
Output Voltage and Current for Input voltage=122V and a 
load of 4.8Q are shown in figure4. It takes a small time At 
to go to the final value and this delay is due to the 
magnetization of the transformer and the inherent delay of the 
diodes and switching delays. The Ripple in the Output 


Voltage is 0.06V,,. The Fourier analysis and harmonic 


spectrum of the output voltage is also presented in figure4. 
The output voltage contains DC component of magnitude 
24.01 and only even harmonics are present whose magnitude 
decreases with the increase in order. The Total Harmonic 
Distortion (THD) of the output Voltage is 0.06%. The 
Waveforms for the Current in and Voltage across the 
MOSFET switch are shown in figure3. The peak Current in 
the MOSFET is 3.76A and the variation in the Current 


is2.07A .The Current raises from 1.69A to 3.76A in the ON 
state in a Ramp fashion since we are considering Continuous 
Conduction Mode (CCM) and it is OA in the OFF state. The 
Voltage across the MOSFET comes to be OV in the ON state 
and 222V when it is switched OFF. 
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Fig.3: Waveforms for the Current and Voltage across the MOSFET switch 


The input voltage is varied from 110V (AC) to 265V (AC) 
and their equivalent DC Voltages are applied to the MATLAB 
model and load is varied from 3A (89) to SA (4.8Q). Finally, 
transient analysis is done for the variations in the input 
Voltage. Figure5 shows the Variation in Output Voltage and 
Current when input Voltage varies from 122V to 375V at 0.01 
Seconds and Figurel7 shows the Vanation in Output Voltage 
and Current when input Voltage 
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Fig. 5. Variation in Output Voltage and Current when input Voltage varies 
from 122V to 375V at 0.01 Seconds. 
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Abstract— In current control systems using a 3-phase inverter, 
the Direct and the Quadrature components of the output Current, 
(id,Iq), show interaction with each other mainly due to the power 
factor of the load impedance. The interaction can be minimized 
by rotating the feed back vector (Id, Iq) through the power factor 
angle. The feedback variables are filtered to remove the switching 
noise from percolating through the current control system, using 
a new a two-phase observer. The observer does not show any 
steady state magnitude or phase error in the current. The 
resulting two decoupled systems can be casily studied for stability 
and tuned for their PI settings. The PWM saturation has also 
been considered. The design procedure is studied with particular 
reference to the load impedance and power factor variations. 


Key words— Current control, Decoupling, Direct and 
Quadrature components, Three-phase PWM inverter, Two-phase 
Observer, Stability. 


I. INTRODUCTION 


WER Electronics being the technology of efficiently 
processing electric power, energy conversion techniques 
[1] form its main focus. The highly important topic of power 
switching deals with DC/AC Pulse Width Modulated (PWM) 
inverters which are widely used [2], [3], [4], [5]. 
Conventionally, the control circuitry for the inverters, have 
used PI (Proportional + Integral) controllers. Three major 
classes of regulators which have been popular are (1) 
Hysteresis, (2) Linear PI and (3) Dead-beat regulators with a 
further sub-classification into stationary ABC frame and 
synchronous—frame implementations [6]. All high performance 
control strategies have exhibited coupling problems [5], [7]. 
The most fundamental entity in variable speed drive systems is 
the current control loop [7]. Fast and accurate current loops 
with appropriate reference currents enable a machine to act as 
an ideal torque-source. The alternative arrangements of 
Trajectory Tracking loops exhibit a quick response, which are 
simple to fabricate [8]. However, 
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using PI controllers, it is difficult to realize small tracking 
errors for sinusoidal reference signals. The tuning process 

has been ad-hoc till recently [9]. Filters similar to the 
Luenberger Observer [10] have been recently employed for 
filtering out the switching harmonics in the feed back path 
without causing any steady state error. 

Many methods for controlling voltage source inverters, 
which connect the photovoltaic (PV) cells to the power-grid, 
have been described in technical literature [11]. The feed 
forward and feedback decoupling methods have been modeled. 
Decoupled power control has been an active area of research 
in which active and reactive powers have been independently 
controlled in the synchronous frame. 

One of the basic problems in inverter control by PWM is 
that of saturation, because distortion will appear when the 
controller enters into the saturation region. Further, instability 
also may occur, which can be overcome by applying Popov’s 
criterion [12] while designing the controller. 

In this paper modeling of a decoupled current controlled 
three-phase voltage source inverter is presented. A new two- 
phase observer has been employed for filtering the feedback 
signals. Decoupling of the control system by rotation of the 
feedback current vector is described in detail. 


II. THREE PHASE VOLTAGE SOURCE INVERTER 


The traditional three-phase full bridge voltage source 
inverter (VSI) is shown in Fig. 1. The main objective of this 
static power converter is to produce sinusoidal output current 
and voltage waveforms from a dc power supply. Six switches 
Si, S2, S3, Ss, Ss, Sg are activated by the PWM signals. 

Dither 





Fig.l. Schematic of Three-phase Voltage Source Inverter 
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Il. CURRENT CONTROL SCHEME 


The two-phase observer performs the filtering of the 
measured, instantaneous unfiltered three phase currents of the 
inverter. The basic aim is to build a decoupled controlled 
current source, for which the reference vector is composed of 
Direct and Quadrature components of the desired current. The 
feed back variables are also in the synchronous rotating frame. 
A PI controller is used to make the steady state error between 
the reference and the feed back signals zero. 

The three-phase line current of the inverter is converted to 
its alpha (o) and beta (B) components using Clarke transform. 

I -0.5 


e]-] f : (1) 
Ip 0 0.866 Ip 

These I, and I, signals are passed through a two-phase 
observer for filtering out the switching noise. Now, the output 


signals from the observer are transformed from stationary to 
synchronous frame using Park transform. 


fal [e cel li) 


The reference for Ig can be set at a desired peak value and 


the reference for Ig, at zero. 

Considering the open loop block diagram shown in Fig. 2, 
the difference between the reference and feedback vectors is 
processed through two PI controllers to achieve zero steady 
state error at fundamental frequency as well as waveform 
fidelity. 


-0.5 
~0866 





(2) 





Fig 2. Open Loop Block diagram of Current Loop. 


Let the PI controller output be ba These are the control 
4 
sıgnals in the [d,q] domain which are to be later transformed 
back to stationary [a, ß] frame again; using inverse Park 
transform. 


[ol [ee ove | ng 


where 0 = w.t, and œ = 1007 (= 314) rad/s 
The two-phase signals are transformed back to three-phase 
by inverse Clarke transform. ' 


(3) 


M 1 0 rt 4 
My =|-0.5 0.866 bed A 4 
M -05 -0.866| MB 





IV. ANEW TWO-PHASE OBSERVER 


A two-phase observer, as shown in Fig. 3, having a complex 
pole-pair is used to filter out switching noise or harmonic 
contaminated signals without mioducmg any pars 
delay or proportional gain. 


It has been studied from the simulation results that the use 
of two separate single-phase observers instead of a composite 
two-phase observer results in loosely bound two-phase as well 
as three-phase waveforms due to inefficient timing adjustments 
between the two-phase signals. The two output signals of the 
observer after transformations to the synchronous frame give 
rise to two dc signals for use as feedback signals for the closed 
loop system. ` 





Fig.3. Schematic of the Two-Phase Observer. 


A. Observer Design 
The system generating the sinusoidal signals is assumed to 
s 
be X =AX where X = [x;, x,]' The observer differential 
s 


equation is given by: Š = AX +DE 


S io alt| ° 


where 0 o d.o 0 j, 
; ali A pafi” ie 
= real current (i.e. Im sin at), 
= orthogonal current (i.e. In cos at), error E = X- X 
x are the estimates of x, and xz 


The elements of matrix [D] are obtained by suitable 
observer pole placement procedure. Considering d = dy = dz 
observer transfer function becomes: 


Rw _ = dco s+do o | (6) 
X (s) a a aa -0 eal 


The roots of the characteristic equation give the observer poles 
ie., (s +d.œ)? + @ = 0 which gives {sı =-d.w+jo) and ( 
S2.= -d.@-j@). 

This means that the observation error damps out with a time 
constant t = 1/(d.q@) in an oscillatory manner. 


B., Pole Placement 


Though the observer poles can be made dependent on the 
power factor of the load, it results in a wide range of values for 
the observer poles, greatly influencing observer performance. 
Poles closer to the origin give better filtered waveform but the 
response is highly sluggish, while poles farther away from the 
origin make the system fast acting but at the same time 
showing higher noise sensitivity. So it is preferred to fix the 
poles at such a position that for a wide range of power factor, 
it will give a nice trade off between noise elimination and 
speed of response. Here, the real part of the observer poles are 


" selected to be at d.co = -2@ where 0 = 100r ( = 314) rad/s . 
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V. NON INTERACTING CONTROL 


The two-phase output current signals are found to be 
coupled due to the combined effect of the inverter and the star 
connected three-phase R-L load. Fig.4 shows that the resultant 
load voltage (V;) and current (I1) signals are not in phase and 
the phase difference is @, which is the load power factor angle. 
This brings in the idea of rotation of feedback current signals 
by an angle O to make it in phase with voltage signals. The 
current vector I, = [I4 , I,]' in synchronous frame is rotated by 
O using the rotation matrix. 


Ign] __|cosd ~sin® || Iq (7) 

lq “| sin@ cos8 | {I 

The interactions between the rotated (direct and quadrature) 
signals Ian and I, as well as Vg and V, become negligible due 
to this arrangement. However, the true load current will not be 


aT 








Fig.4. Load Current and Voltage vectors in the d-q Plane. 


in phase with the reference current signal. This deficiency 
would be automatically taken care of in the outer voltage 
control loop. Now, the above decoupling technique clearly 
shows the need for online power factor estimation. 
A. On line power factor estimation 

From fig. 5, we see that the components of the rotated 
vector I, resolved on to the d and q axes are 
Ign = [nicos ġ= Icos% and Idn=[Iplsin€=Isinf (8) 
where ¢ is the angle between V and Vq and [in] = [Ip] =1 
Now , Vg =|Vi|cos§ =Vcos¢ and 


Va =[V_|sin C=Vsin C (9) 

Vv Vv 

Ign = 1+ o tan = 1 
Thus, even for unknown load, knowing only the 


instantaneous values of Vq, Vq, Id, Iq the proper rotation of 
current signal through power factor angle can be achieved by 
the following procedure. Now, the instantaneous value of the 
power factor can be obtained as follows: 

cos 8 = cos [(6+9)-90] 


= cosCcoso+ sin {sin} (10) 
= Vah Vek = Va. b + Va. ly (11) 
VI VI vI 


B. Modeling of decoupled system 


The major advantage of the decoupling of the signals I4, 1, is 
that it results in two separate and identical block diagrams, if 


we use the rotated current signals for feed back. Thus the order 
of the system to be analyzed gets reduced, simplifying the 
stability analysis. In the following discussion, each and every 
part of the system has been modeled by using the equivalent 
transfer functions or gain elements. 

The transfer function of the observer in the stationary frame 
was found to be 


Rw) _ da stdo © 
X (8) (std) +02 -© s+do 


where, da is the real part of the observer pole. 
The corresponding system behavior in the synchronous 
frame could be modeled by a transfer function having only one 


(12) 








pole per channel as: l i (13) 
l+st 
where, ; =L, the observer time constant in the d-q model. 
dw : 


C. Closed loop decoupled current control system 

With the observer and rotation matrix operating in the feed 
back, the system shown in Fig.5 splits into two independent 
loops due to decoupling. We need to analyze only one of the 
two resulting loops as far as the stability is concerned. 





Fig.5. Closed Loop Current Control System with Decoupling. 


Let the Inverter Gain be: u 
Let the PI controller transfer function be a [2 x 2] diagonal 
matrix 

[Pq = K {KerX | Ih 

8 

where, [ I ]2 is a 2 x 2 Identity matrix. 

The Park and Clarke transforms and their inverses operate 
symmetrically on either side of the Inverter. The feed back 
current vector can be obtained by the following sequence of 
operations: f 
1. The error vector in the synchronous frame is processed by a 
PI controller (diagonal matrix) block followed by Inverse- 
Park, Inverse-Clarke transform. 
2. The result from the above is processed by [p / Z], which is 
a (3 x 3) diagonal matrix representing the Inverter. 
3. Further processing is carried out symmetrically, with Clarke, 
Observer and Park Transforms followed by negative rotation 
by power factor angle. 

Considering the open loop transfer function of the scheme 
shown in Fig. 5. 

The rotated feed back Current vector is given symbolically 
by: 


I*,= [Park]. [Obs].[CI].[p / Z]. [Cl]. [Park"]. [PI]. ede (15) 


(14) 
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=g. 1 , (Park . Obs . Park” ). PI . edc (16) 











where K’ =1.5u 
=K. (K y K (17) 
Ga ap s oon 
where [I]; is the 2 x 2 Identity matrix. 
= (K. G.) [Ih edc = (K. G). [I ]2(Iref- I*f) (18) 
The scalar G is given by: 
K: 
G= K’.Kp ase =K'.Ke (s+b) (19) 
tL í a z) tL s.(s+ p)(s+a) 
s.| s +~ |] s +— 
L 
where b = (Kj/ Kp); a=(R/L); p=(1/t) 
Therefore, the characteristic equation is 1+ KG =0. (20) 


D. Root Locus based Design 
Now, the poles and zeroes of the closed loop system can be 

placed using the equi-dominance criterion so that all the closed 

loop poles will have the same negative real parts. As far as the 

Observer is concerned, its pole has already been placed to be 

ats =-2m=- p (say). Let Kp = | 

Referring to Fig. 6, using the equi-dominance criterion, 

Poser.» (21) 

3-1 
Ki =b= | +20), a = 40 = 
3 


(22) 





-200 


600 -400 
Real Axis 


Fig 6. Root Locus for a power factor of 0.1. 


Now, the open-loop pole location corresponding to the 
admittance [1/Z], migrates as the power factor changes. This 
means both the parameters ‘a’ and ‘b’ which are now related 
by the equi-dominance criterion, move along negative real 
axis. Interestingly, for a critical value of b = p, the pole-zero 
cancellation takes place, which is to be generally avoided. 

The critical power factor Pf, = cos (atan ( 0.25)) = 0.97 (23) 
Hence, for highly resistive loads, a smoothing series inductor 
on the load side would solve this problem. 


VI. POPOV’S CRITERION FOR TUNING PI CONTROLLER 


The three-phase inverter can be visualized as a linear gain 
element, subject to saturation as shown in Fig.7. The gain and 
saturation are a function of the d.c source voltage E and the 
amplitude of the triangular carrier D. The PI controller transfer 
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function has been written as: K (ke) with Kp = 1 
s 


and integral controller tuned on the basis of the root locus 
design. The tuning of the controller can be completed, if the 
value of K can be specified. For a linear model, the critical 
value of K can be obtained from the Nyquist Criterion. 
However as the Inverter moves into the nonlinear zone, a 
better frequency domain criterion like that of Popov can be 
used to determine the maximum allowable gain K. 





Fig.7. Equivalent VO Characteristic for PWM scheme in inverters 


Now, the characteristic equation is 1 + K.G =0. 
The Popov’s criterion can be stated as: 
1 ; 
> = max{ —Re(G(j @)) } 
Kmax 
From the Popov’s criterion, we can obtain the value of 


(24) 


Kmax corresponding to different power factors in the range 
0.05 < pf < 0.97 for a fixed impedance of 10 Ohms. 


VII. SENSITIVITY OF PI CONTROLLER TO LOAD PARAMETERS 
For the current control of three-phase inverters ,Kp = 1 and 


=3( E29] ® (cot +2)=2¢_1 +2) (25) 
3\ L 3 3 tand 


Kj 
So, Kj is independent of |Z]. It depends only on the power 
factor as shown in Fig. 8(a). Fig. 8(b) shows the change in the 
value of overall gain, K with respect to power factor for the 
fixed impedance value |Z] in Ohms. And overall gain, K is 
directly proportional to impedance i.e. |Z], as shown in Fig. 
8(c), for a fixed load power factor. 


VIL SIMULATION RESULTS 


A. Validation of Two-phase Observer and its Model 

The Observer and model are fed with a step change in the 
two-phase sinusoidal input (stationary frame) and the extracted 
Ig and Iq corresponding to synchronous frame were plotted for 
the observer as in Fig. 9. Model also gave the same response. 
Obviously the step inputs are in the synchronous frame and the 
response is also seen in the same frame. 


B. Validation of P.f Estimator and decoupled Model 

Fig.10 shows the estimated power factor by simulation for a 
load of power factor 0.5. Model is derived at after decoupling 
the current controlled three-phase inverter. Then a disturbance 
is given to the two-phase sinusoidal input. Corresponding 
decoupled I, and I, of the system and model are coinciding as 
shown in Fig.11. 
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Fig.8 (a) Sensitivity of Kı w.r t power factor. (b) Sensitivity of overall gain K w.r.t power factor. (c) Sensitivity of overall gain K w.r.t impedance. 


TX. CONCLUSION 


The new feed back scheme consisting of a new two-phase 
observer and rotation matrix in the feed back path of the 
control system that resulted in decoupled current control in the 
Synchronous Frame for a three phase inverter. Stability 
analysis is quite simple because, the direct and the quadrature 
loops have become independent. Tuning the controllers is no 
more tedious and arbitrary, but the well known analysis and 
synthesis tools for the single-input single output control 
systems can be easily extended to the inverters supplying low 





power factor loads. 
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Abstract—Advances in power clectronics dnd high-performance 
electrical technology are drivmg a move toward switch-mode 
circuits for ac~de conversion. The efficient control of these 
circuits is an ongoing research challenge. Switch mode ac/dc 
converters have been shown to be superior to thyristor phase 
controlled rectifiers in terms of power factor and input/output 
voltage and current harmonics. It is necessary and essential to 
maintain the de output voltage constant in many applications of 
the rectifier. The paper presents the design, operation, analysis & 
simulation of the single phase half & fall bridge switch mode 
rectifiers. A Simple control strategy is proposed to utilize the 
voltage input to make the near unity power factor at input side of 
the rectifier. Simulation is carried out in Matlab/Simulink & 
results of Single phase (Half & Full Bridge) are presented. The 
_ Simplified voltage control of the switch mode rectifier ensures the 
improvement in the current waveform of the source. The ripple 
free dc output is obtained and maintained constant, while nearly 
sinusoidal input currents are drawn from the source. The Results 
obtained confirms the effectiveness of Control strategy.. 


Key words—Harmonics, Power converters, Switch-mode Rectifier 
(SMR), Unity power factor. 


I. INTRODUCTION 


Arves in power electronics and high-performance 


electrical technology are driving a move toward switch-mode 
circuits for ac-dc conversion. The efficient control of these 
circuits is an ongoing research challenge, and to date has 
focused on the more popular voltage-driven 
converter/conversion between polyphase alternating current 
and direct current is ubiquitous in electrical applications. The 
switch-mode converter circuit, using IGBT’s or similar 
devices, is in common use for dc-ac inversion and is becoming 
increasingly popular also for ac-de conversion, as controlled 
switching devices become cost competitive with traditional 
thyristor technology. Switch-mode Converters offer several 
advantages over thyristor converters, including high input 
power factor and negligible low-frequency harmonics. They 
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also comply the standards and recommended guidelines such 
as IEEE-519 and IEC-555 to maintain the power quality. 


Il. SWITCH MODE RECTIFIER (SMR) 


A. Basic Principle Of Switch Mode Rectifier (SMR) 


The basic principle of SMR converters in case of inverting 
as well as rectifying mode has explained, consider only 
fundamental component neglecting switching frequency 
harmonics the rectifying mode of operation is shown when 
converter voltage Van applied leads the Ea by an angle 6 the 
active real component of Iap of Ia is in phase with Ea and so 
converter is operating in inverter mode. Now power is fed 
back to utility and power flows from load to converter the 
phase angle of (as well as magnitude) of ac voltage produce by 
converter can be controlled. If converter voltage van is now 
made to lag ea by the same angle ô as before (keeping van 
constant) the phasor diagram is shown the active component of 
Tap of Ia is now 180 ° out of phase with Ea, resulting rectifying 
mode of operation where power flows from dc side of 
converter to inverter(motor). 

In fact Van can be controlled both in magnitude and phase 
(direction), thus allowing control over the current magnitude 
and power level, assuming that ea cannot change 
instantaneously, and Fig 6.1 shows the Locus of van phasor, 
which would keep magnitude of current constant. . 





Fig.1 Principle of SMR 
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A single phase half bridge SMR is shown in Fig. 2(a) in 
positive half cycle of ac voltage, input current increases when 
S2 is on and decreases when S2 is off and D1 is forced to 
conduct. in negative half cycle corresponding switches are S1 
and D2 .By turning on and off the respective switch for proper 
duration, the input current can be controlled to follow a 
sinusoidal waveform. The equivalent circuit of SMR looking 
into switching rectifier is shown in Fig.2 (b) below. 





Fig.2(a) Circuit diagram Fig.2(b)Equivalent circuit 


B. . Types and Operation of Switch Mode Rectifier (SRM) 


The power circuit configuration of bi-directional switch 
mode rectifier is as shown in Fig.2 (a) and Fig.3. This 
configuration can work in first two quadrants. Quadrant one 
operation is rectifying operation and quadrant two operations 
as inverting operation. 

The half bridge configuration uses two switching devices 
and two diodes, while the full bridge configuration uses four 
switching & four diodes. At the converter input terminals, the 
half bridge configuration produces bipolar voltage waveform, 
which is a two-level waveform(+Vdc/2), while the full bridge 
configuration produces unipolar voltage waveform, which is a 
three level waveform[+vdc/2 or -vdc/2). The unipolar voltage 
waveform has less harmonic content as cers to the 
bipolar voltage waveform. 





f S1 & S2 | D1 & D2 
Í Half Cycle Operated) ON 
' S3 & S4 | D3 & D4 
* Half Cycle |Operated; ON 


Table.1 Operating Modes for Half Bridge & Full Bridge 
Configuration 








During regeneration, current reversal takes place; here 
operating modes are just opposite of powering modes. 


M. ANALYSIS OF SWITCH MODE RECTIFIER (SMR) 
In Full Bridge SMR (Fig 4(b)), is defined with a direction 
and inductance Ls is included to reduce the ripple in is at a 
finite switching frequency. From fig 4 (b): 
V; = V con + Vi (1) 
Where, Vi =s (dIs/dt) 
Assuming V, to be sinusoidal, the fundamental-frequency 


components of Vcon and is in Fig 4 (b), can be expressed as 
phasors Veo: and Li, respectively. Choosing V, abirariiy as he 


- reference phasor Vs = V,e”, at the line frequency w = 2af 


V; = V eon! + Vii (2) 
Where, VLI =jwLl; 


A Phasor diagram corresponding to equation (2) is shown in 
Fig 4. 


Where, I,; lags V, by an arbitrary phase angle 8. 





cP V, A Vea 
V 
Vans Y 


fh) 
Fig.4: (a) General Phasor Diagram,(b)Rectification at Unity 
Power Factor, (c) Inversion at Unity Power Factor. 


The real Power P supplied by the ac source to the converter is 





P = V, L; cos0 (3) 
From Fig 4(a), 
Viicos8 = WL.I,;c0s0 = Veg; sind 
Vs? (Veonl . 
=—— sin ô (4) 
wLs\ Vs ' 


The reactive Power Q supplied by the ac source is positive. It 
can be expressed as 
Q=V,Iisin® (5) 


From Fig 4(a), 
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V, = WL Ayisin® = Veog}cos5 (6) 
Vs? Vconl 
=——|]— cosé 
wLs ( Vs o 


Note that Q is sum of the reactive power absorbed by the 
converter and the reactive power consumed by the inductance 
Ls. However, at very high switching frequencies, Ls can be 
made to be quite small; thus, Q can be approximated as the 
reactive power absorbed by the converter. 
Isi = Vs-Vconl (8) 

JwLs 

From above equation it is clear that for the given line 
voltage and chosen value of Ls, desired values of P and Q is 
obtained by controlled the magnitude and the phase of 
Vconl,From Fig 4(a), shows how Vcon! can be varied, 
keeping the magnitude of Iq constant. The two circles are 
traced by the loci of I and Veon phasors. 


From fig 4 (b) & (c), in both cases 


Vie vs? + (wLsIs, Y j 


If high switching frequency is used, only a small inductance Ls 
is needed. Therefore equation (2) 


(9) 


Veoat ¥V, (10) 
To limit input ripple in input current, the dc bus voltage Va 
shown in Fig 3, must be greater than the peak of the input ac 


voltage 


Vdc > J 2Vs a) 


IV.CONTROL SCHEME OF SWITCH MODE RECTIFIER 
(SMR) 


The control principle of above scheme for sinusoidal line 
current at unity power factor is shown in Fig.5.The command 
dc link voltage Vdref is compared with the actual de link 
voltage Vd and error is fed to PI controller/p of which is 
multiplied with line voltage waveform Vs to generate the 
command Js*(i.e. current will follow the voltage waveform to 
get unity power factor), which is compared with triangular 
. carrier waveform at high frequency to get PWM signals to 
switches. 


V.DESIGN OF FULL BRIDGE SMR 


For Design of Full Bridge SMR, the following specification 
has taken, 


2KVA, single phase, 220volts, 5Ohertz, Output voltage = 
400volt. 
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Fig 5. Control Scheme of Switch Mode Rectifier (SMR) 


Following assumptions are considered for Design of Full 
Bridge SMR. 
1. Line voltage varies sinusoidal and is given by the expression 
Vs=V ,sinwt, 
Where, V, is peak voltage. 
2. For unity power factor operation, neglecting switching 
Components, i, = Ip sin (wt), 
Where, Ip is peak line current. 
3. Converter losses are neglected. 
4. In half bridge, the two capacitors has same value. 
5. Assuming zero switching losses. 
6. Input inductor Ls may be determined knowing the switching 
frequency (say 25 kHz), to get 2.5% ripple in the Input current. 
The dc bus capacitor must be designed to satisfy the 
following criteria- 


1. To comply with the minimum ripple requirement of the dc 
bus voltage. 


2. To limit the dc bus voltage fluctuations during load or input 
voltage transients. 


From the Design Calculations, 
The minimum capacitance of 1100 pF is required & minimum 
inductance of 6 mH is required 


VI.SIMULATION OF SMR 


Simulations of SMR in both configurations are presented 
(Half Bridge & Full Bridge SMR). Simulation is carried out to 
maintain output DC Voltage to 100 V.A detail understanding 
of control strategy along with PI controller behavior is 
presented. Simulation parameter are set with variable step and 
solved with ode23b (stiff/fR-DF2).A parameter values like 
inductor, capacitor etc are considered from design. The Results 
of simulation of Half Bridge SMR is Shown in Fig. 6. 
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Fig.6 Source Voltage & Current, Response of PI Controller, 
DC Voltage and Error. 


The Simulation results of full bridge SMR with Vdc ref 
changed from 100 V to 80 Y after 0.2sec is shown in Fig.7. 


í its NALLY Seer tere Naw 
TEN 





Fig.7 Source Voltage & Current, Vcon DC Voltage and 
Response of PI Controller. 


It can be seen from above simulation that DC voltage is 
maintained constant according to command value. There is 
almost unity power factor at utility and sinusoidal currents at 
source input. To maintain sinusoidal current at input it is found 
that there is change in control voltage with source current 
value is maintained constant. The pulses for upper and lower 
will get changed to adjust the DC link voltage constant. The 
behavior of PI controller can be seen that, for step change in 
command value how settles down to zero value .depending 
upon system characteristics, response it behaves like under 
damped, over damped etc.it is also observed that as the 
proportional gain is varied system settles down earlier gain to 
its final value. Also the THD has shown to be 9%. 
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VILCONCLUSION 


The paper presents the design; operation, analysis & 
simulation of the single phase half & full bridge switch mode 
rectifiers. A Simple control strategy is proposed to utilize the 
voltage input to make the near unity power factor at input side 
of the rectifier. Simulation is carried out in Matlab/Simulink & 
results of Single phase (Half & Full Bridge) are presented. The 
simplified voltage control of the switch mode rectifier ensures 
the improvement in the current waveform of the source. The 
ripple free dc output is obtained and maintained constant, 
while nearly sinusoidal input currents are drawn from the 
source, The Results obtained confirms the effectiveness of 
Control strategy. The prototype Laboratory model is under 
development stage. 
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Abstract— Power electronic converters operating from the AC 
mains supply are widely used in applications ranging from DC 
drives to HVDC. The objective of the paper is to study, simulate 
and design an active power filter capable of compensating 
predetermined current harmonics. The basic structure of the 
shunt active filter is a PWM voltage source inverter using 6 
IGBTs. This converter is connected to the terminals of nonlinear 
load and controlled in such a way that it generates specific 
current harmonics. These generated harmonics are injected into 
the source in antiphase to the harmonics generated by the load. 
Thus cancellation takes place, so that these harmonics are not 
drawn from the source. In this paper, harmonic waveforms are 
generated in MATLAB software based on Fourier series of the 
ideal wave shapes created at the supply lines due to non-linear 
loads. The power circuit and the control circuits are developed in 
MATLAB /Simulink. Finally a fundamental design of the active 
filter has been made. 


Key words—Active Power Filter, Harmonic Compensation, 
SCR Converter, THD 


I. INTRODUCTION 


HE idea of active filter was introduced by Gyugyi et al [1] 

in 1976 .The term active filter is a generic one and is 

functional to a multitude of power electronic systems 
compnising power switching devices and other energy storage 
circuit elements, such as inductors and capacitors. A large 
number of low power electronic appliances houses power 
electronic converters, which may be as simple as a diode 
rectifier, a SCR based rectifier or bigger units comprising 
high power bulk rectifiers, cycloconverters used in adjustable 
speed drives, arc furnaces and in innumerable number of 
industries. However small and simple the unit may be, the 


characteristics are sufficient to introduce sufficient harmonics ' 


into the power system, resulting in currents which are far from 
being sinusoidal. Such non-sinusoidal currents are a serious 
threat to the entire power network that includes very important 
elements such as relays and transformers. Harmonics in the 
net may result in faulty operation of these electrical devices. 
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Active power filters are basically used to recompense for 
the harmonics introduced into the power lines due to loads 
with non-linear characteristics. These are designed to 
implement the well established concept of injecting the equal 
and opposite distortion current waveform to the power supply 
bus-bar system in order to enhance the power quality of the 
bus bar. 

The primary idea is to make the power supply current near 
sinusoidal, the measure of which is the total harmonic 
distortion. The lower the THD, the better is the shape of the 
synthesized sinusoidal current at the source. 

Since the basic configuration of the active filter involves a 
power switching circuit, a control strategy is a prerequisite for 
driving the power switch accordingly to generate the desired 
harmonic wave shape. Hence, keeping this in mind, two such 
methods can be used here to command the power switching 
circuit. One is the hysteresis control technique, where the error 
function is centered in a predefined hysteresis band. When the 
error tries to cross the upper or lower hysteresis limit, the 
controller makes an appropriate switching decision to restrict 
the error within the prescribed band. The other method is the 
one in which the error is compared with a fixed high 
frequency triangular carrier signal. The intersection of these 
two waveforms determines the switching instants of the 
switching device. Though both the approaches have been 
widely used but the former suffers from a serious demerit of 
operating the switch at an unknown variable frequency. Here, 
the active filter has been tested applying both the control 
methods in a simulated environment. 

Basically, active power filters have been realized using two 
types of converters voltage source inverters (VSI) and current 
source inverter (CSI). Current fed pulse-width modulated 
inverter bridge structure is considered reliable but has higher 
losses and requires an inductor at the dc side. The other active 
power filter based on VSI has a self supporting dc voltage bus 
with a large dc capacitor. This converter topology is well 
accepted as compared to the CSI version since it is lighter, 
cheaper and expandable to multilevel and multistep versions, 
to boost the operation with lower switching frequency. Also in 
high power applications capacitor is more suited than an 
inductor. 
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Consequently, the active power filter considered here for 
simulation purpose is a three-leg current controlled voltage 
source converter. This forms the major power circuit shown in 
Fig.1, which is designed here using IGBT’s owing to their 
capability to operate at a relatively high power at high 
switching frequency. 

This paper presents the concept of using a fixed set of 
harmonic to compensate for the input current harmonics 
drawn by a SCR converter, rather than attempt to compensate 
for a large number of harmonics. 








Figl: Power Carcuit of Active Power Filter 


Il, INPUT CURRENTS OF A SCR CONVERTER 


A SCR converter operating at different delay angles draws 
non-sinusoidal currents, which are high in harmonic content. 
The input currents is i, i, have rectangular waveforms with 
an amplitude I4. The current waveform of phase-a is phase 
shifted by an angle a, which is the delay angle. Using the 
Fourier components the currents i,, i, and i, can be expressed 
as: 

i, =V21,, Sin (wt — a )-J21,, Sin b (wt - a JE 
NZI, Sin [7 (wt - a Y+ NZI, Sin [IL (wt - a Yh 
NZI Sin [13 Ge -a Jl- V21,,, Sin 07 Gt - & J] 

- NZI, Sin [19 (we - a J+... ... 


(1) 


i, = V21 „Sin (wt -a —120) -V21 „Sin [5(wt -a —120)]- 
V21,, Sin[7(wt -æ -120 )]+ V21 „Sinfi 1(wt ~à —120)]+ 
V2 as Sin [13(wt -a -120 -v21 „Sin [7 (wt -a —120)]- 
V2I jy Sin 19 (wt -æ -120)]+ 


(2) 


i, =V21 4 Sin(wt — œ +120)—V21,, Sin [5(wt - a +120)]- 
N21, Sin {7 (wt -æ +120)]+V21,,, Sin [1 (wt - æ +120 j+ 
V21 n Sin [13(wt -a +120)] -V21,,, Sin [7 (wt -aœ + 120)]- 
N21 a Sin [19 (wr -æ +120 j+ 


8) 
In the above, only the non-triplen odd harmonics h are present 
and 


h=6n+l ,n=1,2,K 


.90 


zi 


The rms value of the fundamental frequency component is, 
I =0.781; 
and the rms values of the harmonic components 
EG 


Ts r where h=6n+1 
The rms value of the phase current can be calculated as [2]: 


0.816 L, 


Hence the THD is obtained as 31.08% considering the source 
inductance to be zero. 


TW. ACTIVE-FILTER SET-UP 


Conventionally, shunt active power filters have been 
recognized as a solution to minimize the harmonic content for 
existence of non-linear loads (diode, thyristor converters 
etc.).The basic principle is the creation and injection of the 
harmonic currents up to a desired order into the system. The 
efficiency and effectiveness is dependent on the control 
scheme. Several techniques of controlling an active filter have 
been proposed in [3-5] to attain the desired degree of 
harmonic compensation. 





ActiveFilter 


Vig.2:Simulation Block Diagran 


The maximum harmonic order that an active power filter is 
able to compensate defines the filter bandwidth. The current 
becomes near sinusoidal after compensation. There are many 
pre-established current control pulse-width modulation 
techniques having their own merits and demerits. One of them 
is the tolerance—band control which is simple to implement but 
the switching frequency varies along the current waveform. 
In this study the reference currents are generated in Matlab 
with the aid of equations (1-3) and eventually fed to the 
controller. The line currents are sensed and ultimately fed to 
the controller. In the controller these two currents are 
compared and the error function is utilized in producing the 
pulse-width modulated signals for switching the six IGBT’s, 
configured as a three-phase VSI. Although the study has been 
verified using both the control techniques i.e. hysteresis 
control and fixed frequency control methodologies, here the 
results of the latter only is included. : 
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TV. SIMULATION AND RESULTS 


A digital simulation of the entire active power filter set-up 
is accomplished in MATLAB/Simulink. The harmonic 
currents as given in the equations above are used to generate 
the harmonic wave shapes of the three phases and are fed into 
the system as the reference currents. The control system as 
discussed has been developed in this work as simulink 
subsystems of the main power circuit. The major components 
of the active filter i.e., line inductor and de bus capacitor needs 
a trade-off for proper compensation from the actual design 
criteria. Thus to obtain the best values of the line inductor and 
dc capacitor, rigorous simulations were performed to ascertain 
the performance of the active power filter. 






Table-I 
Main Parameters of the Simulated System for Non-Linear load 
System Voltage 110V,3-phase50Hz 
R-L load 
DC Bus Capactor 2500pF 
lmH 


The shunt active filter has been simulated considering ideal 
power switches and later extended to actual practical converter 
using IGBT’s. The study and simulation has been done for a 
non-linear load realized using a SCR based converter for delay 
angles 0 to 60 deg. The simulation results at 30 deg and 60 
deg only are shown here. 


Fig 3 Rectsber input Current of phase-a & b 
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For a triggering angle a = 30° as shown in Fig.5, the active 
filter was switched on at t = 80ms. The results for a = 60° are 
shown in Fig.6. The current drawn by the rectifier is also 
shown separately in Fig.3. The sudden change of the 
somewhat quasi-square nature of current into a near sinusoidal 
one after switching on the active filter, can be easily observed. 
Fig.4 shows the reference current generated by the controller 
and the actual compensation current of phase ‘a’ is as shown 
in Fig.5. The dc bus capacitor of the power circuit is self 
sufficient and charges to around 350V, maintaining its charge. 
There is a marked decrease in the total harmonic distortion 
after inclusion of higher harmonic orders in the reference 
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current waveform, as illustrated in Table-II. The actual total 
harmonic distortion of the current drawn from the supply by 
the non-linear load without use of the active filter is about 
31%. The simulation results also results also asserts that use of 
very small value passive filter brings about remarkable change 
in the input current wave shape i.e. making it very close to a 
sinusoidal waveform. 


Table-IT 


Calculated THD 


STS 11 HT 





Fig 4 Reference Control Currant 
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A small value inductor at the input of the rectifier reduces 
the THD to a value of around 10%. The Simulink block 
diagram (Fig.2) consists of the main load circuit wherein, the 
active filter is in shunt. The SCR converter can be operated at 
various delay angles from the block ‘alpha’ and the gate of the 
IGBT ‘s (which are in bridge configuration in the VSI block) 
are driven by current controlled PWM pulses generated by the 
current controller. The inductor currents of the VSI can be 
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sensed by current transducers. Iha,Jhb,Ihe are sensed and fed 
to the current controller where they are compared with the 
respective phase reference currents and processed to drive the 
VSI in such a manner so as that actual inductor currents are 
able to track the reference current. The SCR converter can be 
operated at various delay angles from the block ‘alpha’ and 
the gate of the IGBT ‘s (which are in bridge configuration in 
the VSI block) are driven by current controlled PWM pulses 
generated by the current controller. The reference control 
current as shown, is a composite current, generated 
considering all major harmonics as referred in Table-II. 

As seen above, the reference current generated by the 
controller is a very complex waveform having multiple peaks 
and the frequency which is programmed to coincide with the 
frequency of the ac supply. 





Dre Ca mant CA 


t 


pate Santee at a mee at 


mamat Cars AS 





` For a= 6ff 


V. DESIGN OF THE SHUNT ACTIVE-POWER FILTER 


The power circuit implemented in this work is a three-leg 
current controlled voltage source inverter topology with a dc 
bus capacitor and a set of input reactors. The current controller 
forces the inverter as a controlled current source. The dc side 
of the inverter as mentioned is an energy element rather than a 
power supply, as the shunt active filter can be controlled to 
supply the losses in the inverter from the ac network side. 

Hence power circuit design of the shunt active filter 
involves the selection of the value of the filter capacitor, filter 
inductor, the controllable switches and the nominal value of 
the capacitor voltage. Although for simulation purpose, the 
switches considered were ideal initially but later on, the design 
was extended to using MOSFET as well as IGBT (Insulated 
Gate Bipolar Transistor). Owing to their behavior to support 
unipolar voltage and bipolar current, an IGBT with antiparallel 
diode is used here to realize the switches. The peak current 
that flows through the device is the instantaneous value of the 
maximum inductor current, so the device has to have a peak 
current rating accordingly. The voltage rating of the power 
switches has to sustain the maximum dc bus voltage., 


The inductor and the capacitor values should take into 
account switching frequency of the VSI, which should be high 
enough to eliminate harmonics upto a certain frequency. 
Theoretically, the switching frequency of the IGBT’s should 
be twice of the maximum harmonic frequency to be 
eliminated. Some basic criteria are followed while designing 
the reactor and the dc capacitor values. 

The peak amplitude of the injected current of the high 
frequency components is to be restricted to an acceptable 
value of the rated value of the load current. The instantaneous 

' di/dt generated by the shunt active filter should be greater than 

` the di/dt of the harmonic component of the load so that proper 
harmonic neutralization is possible. The tracking of the filter 
inductor current with the generated reference current improves 
when the filter inductor value is made smaller. The 
mathematical design equations are as given below as detailed 
in [6]. 


C a VO ea er a 
I, 1,.(fs/f).oL, 
4) 
Viv + L|] <Va 
di | paa 
(5) 


Fig 7 IGBT Swatch Curent 
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where, Jr is the r.m.s value of the converter current at the 
switching frequency ff, Vi is the r.m.s value of converter 
output voltage at f, and J; is the r.m.s value of fundamental 
load current. l 

As discussed earlier and supported by the equations (4) & 
(5), a low value of reactor is suitable, as a high di/dt is 
preferable for maximum nullification of harmonics, ultimately 
leading to a improved wave shape at the source and lower 
THD. However, in that case, a high switching frequency is 
required to minimize the input current ripple. So there is a 
fundamental compromise on the choice of the filter inductor 
based on these lines. Here, a thorough and rigorous simulation 
has been carried out to achieve at the most accurate solution to 
the design of the reactor. The case is similar for the dc bus 
voltage also. To acquire a high di/dt the de voltage can be 
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increased which again increases the high frequency ripple in 
the input source current. 
The variation of dc bus voltage can be expressed as: 
AV ue = Vite max T Vde mn 


es by Wigs ye] 


(6) 


The capacitor value is mathematically expressed as [6], 
AȘ O, i a)dt] 


C= y? t 
r, d 
” (7) 
AVi 
= 
Va 


Fy « ripple of dc bus voltage. 


Fig 8 DC Capactor Voltage 
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The perfect value of dc bus capacitor is obtained by 
simulation as it is also load dependent. Here the study has 
been carried out with L= 1mH and C= 2500pF. It is also 
observed that a filter inductor as low as 0.5mH also suffices 
but the current ripple increases in that case, also a higher value 
of inductor 2mH also gives suitable tracking of the desired 
current at a high switching frequency of 30KHz. Beyond this 
value the current is never able to follow the template and thus 
results in a high THD and complete failure of the active filter. 
The active filter circuit is also tested with various capacitors 
ranging from 1500uF to around 4000pF and it is seen to 
operate successfully. 


VI. CONCLUSION 


The study and simulation shown in this paper imparts an 
exhaustive investigation on the shunt active power filters. The 
Matlab simulation here gives an in-depth justification of the 
operation of the active power filters in a non-linear load which 
is a SCR converter associated in elimination of certain 
selected harmonics for a known load. The waveforms are 


examined for various triggering angles ranging from (0-60deg) 
with satisfactory results. 

In the latter half, the basic design of an active power filter is 
analyzed and the fundamental structure of the entire set-up is 
discussed. 
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Abstract ~ An attempt has been made to analyze a current 
controlled buck-boost converter with a SiC diode using a 
software package ORCAD PSPICE. The simulation results 
indicate that both in charging mode as well as in discharging 
modes, the converter with SiC diode has a better performance 
compared to that with Si diode. The turn-on switching losses are 
found to be reducing to a great extent when SiC (CSD10060) 
diode as compared to that of the Si (MUR840) diode has been 
used. However, there is very little improvement for turn-off 
switching losses with a SiC diode. The SiC diodes reverse 
recovery losses have been found to be very low as compared to 
that of the Si diodes. This is because of very low or negligible 
yalue of the reverse recovery current flowing through SiC diode. 
Due to the reduction in the total losses comprising of switch and 
the diode losses In the case of the SiC (CSD10060) diode as 
compared to the Si (WURS840) diode, the overall efficiency of the 
buck boost converter is increased about 3 to 5 percent. 

Key words-—-Buck-Boost Converter, Current Controlled, 
Inductor Current, Silicon Carbide (SiC) 


1. INTRODUCTION 


V y ide band gap SiC power devices have the potential for 


reliable operations at higher junction temperatures, higher 
voltages, higher frequencies and thus higher power densities 
than what can be achieved with Si devices [1]. These 
advantages enable the SiC technology-based power 
conversion systems (PCM) to be made smaller, lightweight. 
more efficient and robust [2]. Recent studies predicted that the 
volume of a power converter system could be reduced five 
times through the utilization of SiC power devices [3]. SiC 
' high-frequency diodes are ideal for military aircraft requiring 
lightweight high-performance electronic radar systems, 
gasoline engines, dynamic voltage restorers, static VAR 
compensators, high voltage dc (HVDC) transmission, and 
flexible ac transmission systems (FACTS) [4]. Use of SiC 
high power diodes in DC-DC converter enables high 
temperature operation, which is a desired feature in many 
applications [5]. 

In this paper an attempt has been made to evaluate the 
performance of Silicon and Silicon Carbide diode in a Buck- 
Boost Converter as it imposes a variety of switching stresses 
on the device [6]. The converter uses average current mode 
controlled scheme [7]. The overall performance of the 
converter 1s compared on the basis of the switch current 
during turn-on and turn-off period, reverse recovery current of 
the diodes, turn-on and turn—off switching losses,.conduction 
losses, temperature rise, and weight/size of heat sink etc. 
Simulations are done for both SiC diode converter and its Si 
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counterpart. Simulation results reflect the better performance 
with SiC diode. With the same heat sink size and ambient 
temperature, great advantages in efficiency and junction 
temperatures are expected in the SiC-based converter [8]. 


Il. PRINCIPLE OF OPERATION 


Figure 1 shows the schematic diagram of a current 
controlled buck-boost converter. The power switch, S, is an 
n-channel MOSFET and output diode Dm is a SiC diode. The 
inductor, L, and capacitor, C, make the effective output filters 
whereas the resistor, Ri, represents the load seen by the power 
stage output. The current mode control is used in an inner 
loop while an outer control loop sets the reference current 
through output voltage feedback. Such contro! logic has the 
dual aim, regulating the output voltage, as well as limiting the 
inductor current [9]. The voltage error amplifier compares the 
reference voltage, Vær and the voltage feedback signal, to 
generate a error signal Varo. Inductor current is sensed 
through a resistor. The resulting voltage is compared with 
voltage Veror that sets the desired inductor current signal Vea. 
This signal Veca is compared with a saw tooth ramp in PWM 
comparator to determine the duty cycle of the switch. Output 
of PWM comparator is fed to gate of MOSFET through RS 


flip-flop. 
Vout 





Fig. 1 Schematic diagram of current controlled buck-boost converter. 
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Figure 2 shows the comparator voltage waveforms when the 
. current amplifier gain is optimized using the slope matching 
criteria [10]. 


Fig - 2. Comparator Voltage Waveforms 
II. SIMULATION RESULTS 


The circuit of Fig.l is simulated on the software package 
PSPICE. In order to minimize the circuit components, and to 
improve the performance of the overall circuit, high speed 
PWM controller IC SG1825 has been used. The operational 
amplifier IC TL082 is designed to offer a wider selection than 
any previously developed operational amplifier family. The 
MOSFET used in the simulation is IRF540; silicon (Si) diode 
is MUR840 and Silicon Carbide (SiC) diode is CSD10060. 
The voltage reference circuit used in the control circuit sets up 
the inductor level. The minimum voltage reference applied is 
3.6 V and the corresponding average inductor current level is 
1.5A and for the maximum voltage reference of 5.3 V, the 
corresponding average inductor current level is 4.87A. 

Fig 3 shows the inductor current in the converter when input 
voltage (V) = 40 V and voltage reference V is equal to 3.6V. 
The value of the output voltage has been found approximately 
29.6 V as shown in Fig. 4 
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Fig. 3. Inductor current (V, = 40 V) 
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Fig. 4. Output Voltage, Vo 
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Fig. 5 and 6 show the waveforms of the current through the 
switch during turn-on for MUR840 and CSD10060 diodes 
respectively (for I, = 1.5 A). It has been observed that there is 
a huge reduction in the transient current through the 
MOSFETs when SiC diode (CSD10060) is used as compared 
to the Si diode (MUR840). This is possible only because of 
very low reverse current that flows during turn-off of the SiC 
(CSD10060) diode as compared to the Si (MUR840) diode. 
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Fig. 5. Switch current during turn-on period when MUR840 is used 
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Fig. 6. Switch current during turn-on period when CSD10060 is used 


The reverse recovery current flowing through Si diode and 
the SiC diode is shown in Fig. 7 and Fig. 8, respectively. This 
shows that there is a large reduction in the MOSFETs turn-on 
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Fig. 7 Reverse Recovery Current through MUR840 (Si diode) 
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Fig 8. Reverse Recovery Current through CSD10060 (SiC diode) 
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The power dissipation during turn-on and turn-off period of 
the MOSFETs for the Si (MUR840) and the SiC (CSD10060) 
diodes are shown ın the Fig. 9 and Fig. 10 respectively. It was 
found that when Si diode is used there is large power 
dissipation in the switch but when SiC diode was used the 
power dissipation in the MOSFET is largely reduced. 
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Fig. 9 MOSFET turn-on losses when MUR840 diode is used 








Fig. 10 MOSFET tum-on losses when CSD10060 diode is used 
The power dissipation in MOSFET during turn-off period is 
shown in the Fig. 11 and Fig. 12 respectively. No significant 
changes have been observed in the losses of the MOSFET 
during turn-off. 
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Fig. 11 MOSFET turn-off losses when MUR840 diode is used 
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Fig. 12 MOSFET turn-off losses when CSD 10060 diode is used 


The losses associated with the diodes themselves are shown 
in Fig. 13 and Fig. 14 for the Si (MUR840) and the SiC 
(CSD10060) diodes respectively. The figures show that the 
losses of the SiC diode (CSD10060) is low as compared to the 
Si diode (MUR840). 
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Fig 13 Si (MUR840) diode losses during MOSFETs turn-on 
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Fig. 14 SiC (CSD10060) diode losses during MOSFETs tum-on 


IV. EXPERIMENTAL RESULTS 


A prototype of current controlled buck boost converter is 
developed as shown in Fig. 15. It consists of a n-channel 
MOSFET (IRF-9530) and SiC diode CSD10060. The converter 
has following design specification: 


Input voltage range (V)): 10 - 30 Y 

Regulated output voltage (V,): 20 V 

Switching frequency (f,): 100 kHz. 

Output power (Pa): 20W 

Peak to peak ripple inductor current (AI): 0.2A 
Peak to peak ripple output voltage (AV ): 0.5V 
Load resistance, Ry: 45 Q 


The converter is operated under continuous mode, so the 
required value of critical inductance for continuous conduction 
mode operation is calculated from (1), with D = 0.5, Ry = 
45 Q , fs =100kHz, as: 


L= (1-D)R, 


= 11254 H. 1 
e 2f, H (1) 
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Using (2), the value of the inductance is obtained as 


VD 
=—— =500UH 
fAl 


L= (2) 


The above inductance is larger than the required value of the 
critical inductance. This confirms the operation of the buck 
boost converter in the continuous conduction mode. The value 
of the capacitor used here is, C = 2200 F. 


IRF 9530 500 
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$D10060 





Fig. 15 Power circuit of the buck -boost converter 


Two input capacitors of 20uF (350V, electrolytic) and 
another 0.1 pF (400V ceramic), connected in parallel, are 
also used. A standard resistance (0.1 Q 10A) has been used 
to take out the current signal from the power circuit and feed 
into the current controller. 


Figure 16 shows the block diagram of the current controller 
circuit. Output voltage of the buck boost converter is fed to 
the error amplifier. Other input to error amplifier is the 
reference voltage, 2.5 V. For error amplifier IC TL084 (JFET- 
input operational amplifiers) is used. Output of the error 
amplifier, Ler and the amplified inductor current are fed to the 
current comparator (LM311). The output of LM311 is now fed 
to the input terminal of the inverter C 7404). Finally the 
output of the D flip flop is given to the driver circuit of the 
MOSFET. 
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Fig 16, Current Controller Circuit 
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Experimental results are obtained by observing inductor 
current waveforms at variable input supply voltage (V,.). Fig. 
17 shows inductor current waveform, I, for V, = 30 V. It is 
seen that inductor current state repeats after each clock cycle. 
The inductor current is bounded by the current reference value 
of 1.5 A. The value of the output voltage has also been shown 
in Fig. 17 by the bottom trace. 


Cee Tig OP ELMS 


Fig. 17 Inductor current (Top trace) and Output voltage (bottom trace) 


The overall efficiency of the converter is obtained for both 
types of converter. It is found to be 88 % when Si diode is 
used as compared to 92.6% when SiC diode has been 
replaced. Thus, the performance improves with SiC diodes. 


VI. CONCLUSIONS 


A buck boost converter has been designed which uses the 
SiC semiconductor diode. It has been observed that turn-on 
MOSFETs losses are reduced to a great extent when SiC 
(CSD10060) diode is used as compared to that of the Si 
(MUR840) diode. However, there is a little improvement in 
the MOSFETs turn-off losses. The SiC diodes reverse 
recovery losses are very low as compared to that of the Si 
diodes. This is due to the very low or negligible value of the 
reverse recovery current flowing through the SiC diode as 
compared to the reverse recovery current flowing through the 
Si diode. Due to the reduction in the total losses comprising 
the MOSFET and the diode losses in the case of the SiC 
(CSD10060) diode as compared to the Si (MUR840) diode, 
the overall efficiency of the buck boost converter is increased. 
The efficiency of the converter is about 3 to 5 percent higher 
in the case of the SiC diode as compared to the Si diode. ; 
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Abstract—A novel Zero Voltage Transition (ZVT) technique 
based closed loop control of Boost Power Factor Correction 
(PFC) converter with Electro Magnetic Interference (EMD) Filter 
is presented in this paper. It operates at a fixed frequency while 
achieving zero voltage turn-on of the main switch and zero 
current turn-off of the boost diode. This is accomplished by 
employing resonant operation only during switch transitions. 
- During the rest of the cycle, the resonant network is essentially 
removed from the circuit and converter operation is identical to 
its non-resonant counterpart. The principle of operation and 
simulation results of proposed converter are presented in this 
paper. The power factor is improved to near 0.99 using the 
. proposed converter. 


Key words— Power Factor Correction, Electro Magnetic 
Interference, Zero Voltage Transition, Common Mode, 
Differential Mode 


L INTRODUCTION 


He demand for power, which is increased tremendously 

over last few decades, has forced the power engineers to 
establish reliable network in order to supply quality power to 
the consumers. Power factor, which is defined as the cosine of 
the phase angle between the voltage and current signals, plays 
a key role in delivering quality power to the consumers. [1] 

Over the years lot of research has been carried out for the 
control of the power factor. This research got a 
tremendous boost with the strides made in the miniaturization 
of the electronic industry. The component of input current 
normal to voltage across the load resistance wastes power in 
the resistance of the source generator. 

In power supplies with a capacitor filter across the input 
bridge rectifier, the input line current consists of very narrow 
spikes with the fast rise and fall time. These current spikes 
have a high rms value, waste power and give rise to RFI/EMI 
problems. Power supplies with such input line currents have 
poor “power factor”. 

Power Factor Correction seeks to eliminate such line current 
spikes and force input current to be sinusoidal, in phase with 
input voltage and to generate a fairly well regulated DC output 


voltage somewhat greater than the peak of the incoming sine 
wave. [2,3] 

Generally EMI problems arise due to the sudden changes in 
voltage (dv/dt) or current (di/dt) levels in a waveform. In diode 
rectifier, the line current can be pulse of short duration and the 
diode recovery current pulse can generate transient voltage 
spikes in the line inductance. A conductor carrying dv/dt wave 
acts like an antenna and sensitive signal circuit and appear as 
noise. The EMI problems create communication line 
interference with sensitive signal electronic circuits. [4] 


H. BASIC BOOST POWER FACTOR CORRECTION CONVERTER 


Boost converters can be operated in either the discontinuous 
or continuous mode. But the continuous-mode boost topology 
is far better suited to yield relatively smooth, ripple-free half 
sinusoids of input line current in this application. This can be 
seen from Figure 1, which shows a continuous-mode boost 
converter fed from a constant DC input voltage. 

In the continuous-mode of Figure 1, the inductor L, is made 
significantly larger. Then the Q, current (Figure Ic) has the 
shape of a large step of current with a slow upward ramp on it, 
and the D, current has the shape of a large step with a slow 
downward ramp. And importantly, there is no gap of zero 
current between the end of a turnoff and the next turn-on. Input 
line current (Figure le) is now the sum of the Ig; and Ip; 
currents and if the ramps are made small by using a large Ly, 
the line input current over one switching cycle is then a 
constant I,y with very small peak-to-peak ripple of AI. The 
input power is Vinl.,. 

Now for an Ac input, such a continuous-mode boost 
converter is used after the input bridge rectifier output. At any 
point on the half sinusoid input voltage, the Q; ON time will 
be forced by a PWM control chip to boost that instantaneous 
voltage to the desired DC output voltage. A DC voltage error 
amplifier, a DC reference voltage, and a pulse with modulator 
in the control chip modulate the Q; ON time in a negative 
feedback loop, to yield a constant DC output voltage 
throughout the half sinusoidal input voltage. 
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The instantaneous input line current will be sensed by a 
sensing resistor Rs and will be proportional to the 
instantaneous voltage throughout the half sinusoid. During any 
one ON time, current flows through L;, Q; and Rs back to the 
negative end of the bridge and during the following OFF time 
it flows through Li, Dj, Ro and Co in parallel and Rs back to 
the negative end of the bridge. By making L; large, the peak- 
to-peak ripple current throughout each switching cycle is kept 
small. Depending on switching speed of Q:, there may be very 
narrow spikes on the half sinusoids of current monitored in Rs. 
If present, these may cause an RFI problem. But a very small 
capacitor (in the vicinity of 1.0mF) across Rs easily eliminates 
them. 





Figure la 
| | | | | Vp (Q1) 
Figure 1b 
Trs IR ae ieee Lay 
| | I(Q1) 
Figure Ic 





- . Figure le 


ee anes I(Q1)for various DC load 
| | currents at a fixed input 
voltage 
Figure 1f 
Figure J: Continuous conduction mode Boost Converter and 
wave forms of Q, and D,’for various DC load currents at a 


fixed DC input voltage 


Il. ZERO VOLTAGE TRANSITION (ZVT) TECHNIQUE 


In order to increase the switching frequency while 
maintaining acceptable efficiency, several soft switching 
techniques have been developed. Most of these resonant 
techniques increase the semiconductor current and/or voltage 
stress, leading to larger devices and increased conduction 
losses due to greater circulating current. [5] 

The Zero Voltage Transition (ZVT) technique allows the 
increase in switching frequency without the associated increase 
in switching losses, while overcoming most of the 
disadvantages of the resonant techniques. ZVT converters 
operate at a fixed frequency while achieving zero voltage turn- 
on of the main switch and zero current turn-off of the boost 
diode. This is accomplished by employing resonant operation 
only during switch transitions. During the rest of the cycle, the 
resonant network is essentially. removed from the circuit and 
converter operation is identical to its non-resonant counterpart. 
[6-8] 

This technique allows an improvement in converter 
efficiency over the traditionał boost converter, as well as 
operating the boost diode with reduced stress due to controlled 
di/dt at turn-off. This technique programs the input current of 
the converter to follow the line voltage so that the power factor 
is improved to 0.99. 

The power stage of proposed Boost PFC converter with 
ZVT technique is shown in fig.1. The diode rectifier, inductor 
L, switch Quan, diode D;, capacitor Co and the load forms the 
basic boost converter. The switch Qz,7, diode D», diode D3, 
inductor L, and capacitor C, forms the ZVT circuit. This ZVT 
circuit provides active snubbing of the diode and main switch 
of the basic boost converter. 

The ZVT switch is turned on before turning on the main 
switch. This initiates a resonant process, which creates zero 
voltage switching conditions for the main switch. The time 
intervals where the ZVT circuit is active are very short when 
compared to the switching period. Hence, except for the 
commutation intervals, the waveforms of the ZVT technique 
based boost PFC converter are the same as traditional boost 
converter. 

The timing diagram of ZVT technique is shown in fig.2. 
This figure shows the gate pulses for main switch Quam, ZVT 
switch Qzvr, drain to source voltage and drain current of main 
switch, current through resonant inductor L,, voltage across 
diode D; and the current through diode D}. 
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Figure 3. Timing Diagram 


IV. MODES OF OPERATION 


A. Model (t9—t)): 

During the time prior to to, the main switch Quam is off and 
diode D, is conducting the full load current. At to, the ZVT 
switch Qzvyr is turned on. Then the current through the 
resonant inductor Ly i.e. I}; ramps up linearly to the value I, 
ie. the input current. During this time the current through 
diode D; i.e. Ip ramps down. When the diode current reaches 
zero, the diode D, turns off (i.e. soft switching of D,). In the 
practical circuit some reverse recovery of the diode will occur 
since the diode needs time to remove the junction charge. 
During this interval, the voltage across the resonant inductor L, 
is Vo. 

B. Mode 2 (t;—t2): 


At the instant t;, the current I, reaches Ip. Now, the resonant 
inductor L, and resonant capacitor C, will begin to resonate. 
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This resonant cycle discharges C, until its voltage equals to 
zero. The dv/dt of the drain to source voltage of the main 
switch i.e. Vps is controlled by C,. The current I, continues to 
increase while C, discharges. At the end of this period, the 
body diode of the main switch turns on and hence the voltage 
Vps reaches zero. The time required for the voltage Vps to 
reach zero is 1/4 of the resonant period 


C. Mode 3 (t-t): 

At the instant tz, the body diode of the main switch turns on 
and the voltage Vps reaches zero. Now, the main switch Qzyr 
can be turned on since the voltage across it i.e. Vps is zero. 
The current through the body diode is being driven by the 
resonant inductor L, and it freewheels through body diode and 
L, during this interval. 
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D. Mode 4 (t;— ty: 

At theinstant t; Quam is turned on and the Qzyr is turned 
off. After Qzyy is turned off, the energy in L, is discharged 
linearly through diode D; to the load. 


E. Mode 5 (t-t): 
At the instant t4, the current in diode D, reaches zero. When 


this occurs, the circuit is operated like a conventional boost 
converter. 


F. Mode 6 (ts—t,): 

This mode operation is also exactly similar to a conventional 
boost converter. At the instant ts, the main switch Qmai is 
turned off. The voltage Vps ramps up to Vo. The diode D; 
begins to supply the current to the Joad. 

‘From the modes of operation, it is clear that the main switch 
is turned on when the voltage across:it is zero and the boost 
diode is turned off when the current through it is zero. Hence, 
the phenomenon is named as Zero Voltage Transition (ZVT) 
technique. 

The main power stage components of the above converter 
experience no more voltage or current stress than normal boost 
converter. The main switch and boost diode both experience 
soft switching transitions. Having significantly reduced the 
switching losses, the operating frequency can be increased 
without an efficiency penalty. The diode also operates with 
much lower losses and hence the reliability increases. 

‘The design specifications for the proposed ZVT based Boost 
PFC Converter are 

AC input Voltage = Vs = 170 — 250 Volts 
DC output Voltage = Vo= 400 V 

Output Power = Pox = 1000 W 

Switching Frequency = F, = 250 KHz 
Efficiency = n = 95% 

The designed values of different components in the 
converter circuit are 


L = 2004H; Co 1600uF; L, = 8H; C, = 0.470F 


V. ELECTRO MAGNETIC INTERFERENCE (EMI) FILTER 


The Electro Magnetic Interference can be transmitted in two 
forms: radiation and conduction. The switching converters 
supplied by the power lines generate conducted noise into the 
power lines that is usually several orders of magnitude higher 
than the radiated noise into free space. Conducted noise 
consists of two categories commonly known as the differential 
mode and the common mode. 

The differential mode noise is a current or a voltage 
measured between the lines of the source that is line-to-line 
voltage. The common mode noise is a voltage or a current 
measured between the power lines and ground that is line-to- 
ground voltage [8]. An EMI filter is needed to reduce the 
differential mode and common mode noises. The EMI Filter 
for Boost PFC converter is shown in figure 4. 

For CM Noise, 

Frc = TN 2Cy*Lem)) 
Lesage = 0.5% to 2% of Lem 


- (1) 
- 2) 


For DM Noise, 
from = 1/(20V(2LpCx)) - (3) 
Lom = (Lp — Leakage ) / 2 - (4) 
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Figure 4. EMI Filter for PFC Converter 


The PFC converter has the predicted noise level and EMI 
which includes total noise, common mode and differential 
mode noises. In general, the corner frequencies of EMI noises 
in the PFC circuits are 28 KHz. for CM noise and20.5 KHz for 
DM noise. The designed values are Loy is 4.9mH and Lpm is 
40uH. 


VI. RESULTS 


The proposed ZVT based Boost PFC converter is simulated 
using the software ORCAD-PSPICE software of version 9.2. 
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Figure.5. Input Voltage waveform without EMI Filter 
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Figure.6. Input Current waveform without EMI Filter 
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Figure.7. Input Voltage waveform with EMI Filter 
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Figure.8. Input Current waveform with EMI Filter 


Figure 5 shows the input voltage waveform without EMI 
Filter. Figure 6 shows the input current waveform without EMI 
Filter. In this figure, there is more noise and more spikes. 
Figure 7 shows the input voltage waveform with EMI Filter. 
Figure 8 shows the input current waveform with EMI filter. 
Here, the noise and spikes are reduced because of Filter. Here, 
the power factor is around 0.99, efficiency is 95% and the 
noise and spikes are also reduced. 


VII. CONCLUSION 


A Boost Power Factor Correction (PFC) Converter with 
EMI Filter employing Zero Voltage Transition (ZVT) 
technique is proposed. The proposed converter is simulated 
and the simulation results are presented in this paper. Power 
factor is improved upto 0.99 (lag) without compromising the 
efficiency because of the active snubber. 
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Abstract-—— Switched Mode Power Supplies [SMPS] have become 
the natural choice for most of the power supplies, due to their 
higher efficiency and increased power density. Most of the 
present commercial SMPS, operate with a switching frequency of 
around 50 kHz, using hard switching PWM topologies. Power 
densities of these SMPS, can be increased manifold, if the 
switching frequencies are increased. Hence the technology is 
evolving towards switching frequencics of the order of a few 
MHz. In the Hard switching PWM topologies, the switching 
losses increase proportionately with the frequency, and hence 
they are not practical at these frequencies. 

This paper explains the mechanism of switching losses in 
the hard switched topologies of power converters and briefly 
reviews the various soft switching topologies to address the 
problems of switching losses. In particular, Resonant Transition 
Converters are discussed as they combine the low switching loss 
characteristics of resonant converters and the lew conduction loss 
and constant frequency characteristics of the PWM converters. 
The various parameters affecting Zero Voltage Switching are 
discussed. Design equations to obtain suitable values for these 
parameters are derived. With these values as the initial estimates, 
simulation is used iteratively, to obtain the most satisfactory 
design parameters, The design parameters and simulation results 
of a 30 W converter with rating (SV / 6A), switching at 250 kHz 
are presented. Simulation has been performed in Matlab 
environment. 


Key words— Phase Modulated Converter, Zero Voltage 
Switching, Zero Current Switching, 


I. INTRODUCTION 


WITCHED Mode Power Supplies (SMPS) with their higher 

efficiency and reduced size, have almost totally replaced 

the traditional Itnear regulated power supplies. Significant 
progress in the fields of circuit topologies, semiconductor 
power devices, control theory and integrated circuits, have 
made the switch mode power supplies, with typical switching 
frequencies of about 20 - [00 kHz, a mature technology. 
However, the recent remarkable advances in Integrated 
Electronics have greatly reduced the size of many electronic 
systems. Computers, automotive and telecommunication 
systems are a few examples, where the power supply has 
already become the critical component, owing to its size. It is 
well recognized that higher power densities are possible with 
higher switching frequencies. Since the size of the main 


components in SMPS, like the power transformer and energy 
storage elements, depend strongly on the switching frequency, 
significant savings in size is possible at high frequencies. As 
‘Frequency goes up, size comes down’, is a belief that has been 
the main motivating factor for switching at high frequencies. In 
the Pulse Width Modulated [PWM], square wave converters 
widely employed at present, the power devices are required to 
turn on and tum off the entire load currents, abruptly, during 
each switching. High device voltage and current overlap 
during these switching transitions, resulting in high switching 
loss and device stress. Figure 1 shows the equivalent of the 
typical switching conditions encountered in most PWM 
converters. 

As seen in the Fig. 1(b) during turn-off, the moment the 
current begins to fall, the voltage across the switch rises to the 
maximum (since the freewheeling diode begins to conduct). 
During the turn-on process too, the device voltage remains at 
its peak (again due to the conduction of freewheeling diode), 
till the current rises to its maximum value. Hence, high device 
voltage and current overlap during both the transitions 
resulting in significant losses. The switching losses increase 
linearly with frequency, since switching transitions occur more 
frequently in a given time. 





a 

Fig. 1 ee transitions in PWM converters (a) Equivalent circuit 
(b) switching waveform. 

The presence of the parasitic elements like the stray 
inductance of the circuit and the junction capacitance of the 
semiconductor devices, force the devices to experience voltage 
spikes during turn-off and current spikes during turn-on and 
due to this there will be high switch stress during switching. 
Another serious drawback of switched mode converters, is the 
Electro Magnetic Interference [EMI] produced by the large 
di/dt and dv/dt during the switching transitions. At higher 
switching frequencies, this problem becomes more severe. The 
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switching losses increase linearly with frequency, since 
switching transition occurs more frequently in a given time. 
The losses in the drive circuit which are usually negligible in 
the 50 kHz range, become significant at higher frequencies. 
Soft switching of a converter topology should have the 
following two features in order to achieve soft switching, 

(1) Switch transitions should occur only when either the device 
current and /or the device voltage is zero, 

(2) The energy stored in the parasitic elements are fully 
recovered. 

The Resonant Transition Converters, being proposed, 
combine the low switching loss characteristics of the resonant 
converters and the constant frequency and low conduction loss 
characteristics of the PWM converters. The resonant 12 
transitions are achieved, relying mainly on the parasitic 
inductances and capacitances, and by adopting suitable 
switching strategies. The Phase Modulated Full Bridge 
Converter [PMC], which has been chosen for study and 
implementation in this work, belongs to the class of resonant 
transition converters. Some of the salient features of PMC are 
as follows. 

- Zero Voltage Switching for all the four Mosfets of the full 

bridge. 

- Constant frequency operation. 

- Soft switching is obtained relying mainly on the parasitic 

elements, like the magnetizing and leakage inductance of 

transformer and the junction capacitance of the Mosfets. 
-Phase shift control used in PMC, is identical to the duty ratio 

control used in PWM converters 


I. ANALYSIS OF COMPLETE CYCLE OF OPERATION 


Figure 2 shows the schematic diagram of the Phase 
Modulated Converter used in analysis and simulation. 
Capacitors C1 to C4 represent the output capacitances of the 
Mosfets together with any external snubber capacitors added. 
Lm and LLk represent the magnetizing and leakage 
inductances respectively of the transformer. Zero voltage 
switching demands that, before a Mosfet is switched on, its 
output capacitance be completely discharged. The following 
three equations are general and are valid in all the intervals. 


ion ac Vor 0) 
dt 

Ipri=Im+ Irefl (2) 

Irefl = (Upp — Inn) /n (3) 


A. Positive Power Transfer Interval 


The inverter intervals are determined solely by the 
switching sequence of the devices. In the first interval, known 
as the positive power transfer interval, the diagonal switches 
S4 and S3 conduct, transferring power to the load. The 
equations that are valid for this interval are 


Va =Va=Voc (4) 
Ve3 = Ves =0 (5) 





Fig. 2 Schematic diagram of phase modulated converter. 


V pi = Voc (6) 


B. Transition from Power Transfer to Freewheeling Mode 


The second interval is the transition interval from power 
transfer mode to the Freewheeling mode. This interval begins 
when 54 is switched off. There are two important factors to be 
considered in this interval as: 


1. Turn-off process of S4 


2. Discharge of the capacitance across $1, which is the next 
switch to be turned on. 


As the gate voltage of S4 falls below the threshold 
level, the primary current which was initially flowing through 
S4, now begins to flow through C4 and Ci. 





d Int Len 

—Vc4 = 7) 
dts j 
Vc4 = Vpe —Vei (8) 
Vpri = Voi (9) 


where C1=C2=C3=C4=C 
C. Freewheeling Interval 


This interval starts when S1 is turned on. Since the body 
diode D1 is conducting when the gate drive to St is applied, 
this is truly a zero voltage turn-on transition. Even after gate 
drive is applied to S1, the diode D1 continues to conduct. The 
magnetizing current remains at its positive peak throughout the 
interval. 


Vpri = Veci = Ve3=0 (10) 
Vez = Vc4 = Voc da) 


Though the transformer voltages remain zero in this 
interval, the leakage inductance ensures that only Dp 1s 
forward biased and Dn reverse biased. Hence the reflected 
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load LLK current still remains in the positive direction. The 
interval 3 ends when S3 is turned off. 


D. Transition From Freewheeling To Power Transfer Mode 


Interval 4 begins when S3 is turned off. The turn-off process 
of S3 is similar to the one explained in interval 2. It is a nearly 
lossless transition, as the output capacitances limit the voltage 
rise while the current is falling. 


dy = Ipri_ (12) 
dt 2C 

Ve2 = Voc — Vc3 (13) 
Vpri= -Vc (14) 


From ZVS considerations, the Transition from the 
Freewheeling mode to the Power Transfer mode is the crucial 
interval. Since S2 is the next switch to be turned on, C2 has to 
be fully discharged. This discharge process is assisted by the 
primary current, made of the load component and the 
magnetizing component. In this the Freewheeling to Power 
Transfer transition, as C2 begins to discharge, the transformer 
voltages become negative. The secondary side diode Dn, thus 
begins to conduct. Due to the leakage energy, the diode Dp 
also continues to conduct. The load component of the primary 
current which is proportional to the difference between these 
two currents, begins to reduce, and eventually becomes 
negative. The magnetizing current component also reduces due 
to the negative voltage, but at a much slower rate, since the 
magnetizing inductance is relatively large. The design of the 
magnetizing and the leakage inductances should ensure that 
VC2 is completely discharged, before the sum of the 
magnetizing current and the reflected load current becomes 
negative. The duration of interval 4 is equal to the TDelay, and 
ends when S2 is switched on with zero volts across it. As 
stated earlier, the design of the transformer inductances should 
ensure that C2 is completely discharged and D2 begins to 
conduct within this time interval. The intervals 5, 6, 7 and 8 
correspond to the negative half cycle and are similar to the 
intervals 1, 2, 3 and 4 respectively. 


Il. DESIGNING OF ZERO VOLTAGE SWITCHING (ZVS) 


For any given line and load conditions the various factors 
affecting ZVS are, the magnetizing current, the leakage 
inductance, the dead time TDelay, and the capacitance across 
the Mosfet. Higher magnetizing current is good from a purely 
ZVS point of view. However, much higher magnetizing 
current results in higher peak and rms. Currents through the 
Mosfets, hence increasing the conduction losses. The design of 
magnetizing inductance should be done considering these two 
conflicting requirements. However, much large leakage 
inductance results in longer overlap intervals. This increases 
the primary current and hence the conduction losses. For ZVS 
to be achieved, the maximum allowable is the time in which 


the TDelay primary current reverses direction. At light loads, 
the time taken for the reversal is more compared to heavy 
loads. Therefore should preferably be made load TDelay 
dependant - it should be high at light loads and small at higher 
loads. Larger capacitance across the Mosfets, helps to reduce 
the turn-off losses by limiting the voltage rise, while the device 
current is falling. Hence with a view to minimize turn-off 
losses, external capacitors may be added, apart from the 
intrinsic capacitance COSS of the Mosfets. However, during 
the turn-on process, larger capacitance demands more energy 
to be stored in the magnetizing and leakage inductances, to be 
fully discharged. Hence from the ZVS point of view, smaller 
capacitance is preferred. Design strategy to achieve zero 
voltage switching is as follows. The following two conditions 
have to be satisfied to achieve ZVS, at any given load: 


(i) Um + Irefl) V(Leq/2C) > Voc (15) 


(ii) Tpetay = (1/2) V(2CLeq) (16) 


Hence the design strategy is to 

- Select TDelay considering the switching frequency and 
Mosfet characteristics. TRF9540) 

- Calculate the value of Leq from Eq.16, with the above 
value of TDelay 

- With the above value of LLk, calculate from Eq.15, the 
peak magnetizing current required at any load down to which 
ZVS is required. From the value of peak magnetizing current 
(im pk), obtain the value of magnetizing inductance (Lm) 
needed. 


IV. SIMULATION RESULTS 


A 30 Watt converter operating at 250 kHz frequency with 
input voltage of 50v after simulation gives output voltage of 
SV and maximum output current of 6A. But if minimization of 
loss consideration is taken into account output current should 
be 5A. These results are as shown in the figures given below. 
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Fig. 3. Transient and steady state output voltage. 
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Fig. 10 .Phase difference Vs load current. 
Loss Curves: The Total Mosfet losses, sum of conducting 
losses and switching losses for each load at each ZVS load 
limit is plotted. From graph it is clear that ZVS Limit of 5 A 
has least losses for entire load range. 
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Fig. 11. Loss curves for different ZVS limits. 
In order to minimize losses in entire load range Zero 4 
Voltage Switching Limit plays a vital role. The ZVS limit is 
5A for this converter as seen from loss curves. For ZVS 
limit of 5 A and Io = 5, the transformer primary 
voltages and currents. are plotted below. It can be 
seen clearly that voltage reaches -50 V ‘before 
current becomes negative. 
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Fig. 12. (a ) Tranformer primary voltage and current for ZVS 
( b ) Zooming the negative going transition 
(c ) Right leg Mosfet VDS vs. Gate signa! 
( d) Left leg Mosfet VDS vs. Gate signal 
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For ZVS limit of 5 A and Io = 1 A, the transformer primary 
voltages and currents are plotted Non-ZVS transitions can be 
a m observed. 
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Fig. 13 (a) Tranformer primary voltage and current for Non- ZVS 
(b ) Right teg Mosfet VDS vs. Gate signal 
(c) Left leg Mosfet VDS vs. Gate signal 


At the outset, the currents through right and left leg Mosfets 


seem symmetrical. Following plots show they are 
unsymmetrical. 
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(b) 
Fig. 14 (a) Right leg Mosfet Vds Vs.primary current 
(b)Left leg Mosfet Vds Vs primary current 


V. CONCLUSION 


On the basis of simulation results, it may be 
concluded that at power levels high enough to 
justify the use of four switches and at voltage 
levels high enough for the advantages of the ZVS to 
be significant, the Phase Modulated full bridge 
Converter, with the proper choice of ZVS LIMIT, is 
potentially the most suitable topology. It may 
confidently be predicted that the PMC will be a 
standard topology of the future for high frequency 


SMPS and other applications. 
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Abstract-In many systems qualitative knowledge of the 
system behavior is sufficient for introducing a robust and 
sufficiently accurate response. This paper, presented a method for 
qualitative parameter and model estimation and control of 
dynamic systems. In this method a qualitative model for dynamic 
systems is introduced as a graph and then the optimal path for 
shortest control time is obtained with the aid of genetic algorithm. 
This method is well examined by a complicated two degree of 
freedom inverted pendulum system and the responses are 
presented. The main advantages of this method are, increasing the 
robustness of the controlled system, more easily implementation 
of the control via a single LUT, rule based control generation for 
expert control methods like fuzzy control. 


I. INTRODUCTION 


OBUST control of dynamic discrete time systems is very 

important in modern control. Almost all physical systems 

are is some sense, nonlinear and also variable with time 
and state of the operation. This makes the control to deviate 
from the desired operation conditions. Another theme that 
forces the designer to deal with the systems qualitatively is the 
limitation on the accuracy of the sensor. In most applications 
we need accuracy only in near of target response and during 
transient, it is not vital to sense the states in high precision. 
Qualitative identification and control of system, is a method to 
observe the system behavior in the next time step, when a 
special amount of excitation is applied to the system [7], [8]. 
The first step of the method is weighted quantization that is, to 
split the state space of the desired system to special sections. 
The sectioning of the state space must be made such that in 
desired points the resolution of state observation meets the 
designer conditions. In such cases it is recommended that the 
sections become finer around the set points. Each section must 
be numbered. The second step is to split the input space to 
quantized values. The next step is to find out the state 
transition from one quantized state to others in application of 
all of quantized inputs. The result of the process is a graph that 
represents the actual system qualitatively. Genetic algorithm is 
used to find a path in this complicated graph to find the optimal 
inputs for shortest response time [3], [4]. Finally the 
application result of the method to 2DOF inverted pendulum is 
presented. 


H. GENERAL DESCREPTION 


A. Weighted quantization of state and input space 

Quantization is a major task in qualitative control. In most of 
systems in far states conditions the resolution of state space 
splitting can be very low so that the system only knows that its 
states are far from the set point so that it acts with the highest 
saturated input to compensate the errors. So we can partition 
the far states in state space in wide sense. On the other hand in 
the near state conditions, the system must converge to final 
state with sufficient accuracy. So the state space in these 
regions must be fine partitioned. The quantization of the 
input(s) is the same as the above method. In figure | there is an 
example of this quantization for a D.C. motor [9]. In this 
example, the states of motor are speed of the motor, 
X ,=@-—@, and the armature current, X, =i, —1, and 
the input is armature voltage, V , . 





Fig. 1. State space non uniform quantization of a dynamic 
state system. 
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B. State transition calculation with Monte- Carlo method 

State transition is the most important part of the qualitative 
system identification. State transition means that if the system 
is in state or node i on time ¢,, what is the state on time 
t +T, in the application of special quantize input. T, is the 
sample time of discrete time quantized system. Each quantized 
state or node for example in fig.! is a square region in state 
space but the map of this region is not necessarily a square 
region and may overlap with many state regions as maintained 
in fig.2. To find out the overall transition states, a statistic 
method must be used. General state space equation is: 


xik +10 J=f IT, lu [kT, D) (1) 


The quantized states or nodes are defined as in fig. (1): 
Q,,(z,)={x,|8, Sx, 52541 (2) 


Where g, is the edge of each region in quantization. 
In n-dimension system we have the quantized state or node 
as: 


Q. (2) =Q,,(2) @Q,,(z)®...00,(z) ©) 


4 oa) 






Fig. 2. State transition of a dynamic discrete event 
system, when 4, is as input to the system. 


As it is clear in fig.2, z state (Q, (Z )) is mapped to more 
than one state and we can weight the transition of the state 
transition diagram, proportional to the probability of the 
accruing of next state. In fig.2, D,(z,u,) is the map of the 
primary state,z, and D(z,Z,u,) is the intersection of 
D,(z,u,)and the node Z. The transition probability is 
defined as: 

dx 
D(z J a,) 

ax (4) 
Dolt 4, ) 


PZ »Z,U,) = 


so in (4), the integration is taken with Monte Carlo statistic 
integration. 
C. Monte-Carlo algorithm 
Monte- Carlo algorithm is a statistic method and it can be used 


off-line for evaluation of (4). This algorithm is summarized as 
follow [9]: 


1. Point generation in Q, (z ) domain. These points are 
distributed uniformly in the region and quantity of 
them, must be much enough for good estimation of 
the integrals in (4). 

2. Application of the system map of eq.(1) on the pre- 
defined points. 

3. Counting the mapped points in each of the 
Q, (Z) regions and divide them by the total number 
of points. 


The resulting is the calculation of p(z ,Z U4, ) . This procedure 
must calculate for eachu, . 
Il. GRAPH REPRESENTATION OF DYNAMIC SYSTEM 


The result of the algorithm of section I is a complicated 
table that can be interpreted as a graph. In this graph, each 
quantized region in state space is a node and branches between 
nodes represent the possibility of transient of the former state 
to the proceeding one. On each branch, the input that cased this 
transient and its probability of occurrence is labeled [7]. This 
theme is sketched typically in fig.3. 





input iu, 
With probabitty: piz £u) 


--- + 


0, (z,) 


Fig. 3. Graph representation of dynamic system 


This graph estimates the dynamic behavior of the system. 


TV. CONTROL RULE GENERATION WITH GA 


A. Control strategy 

The next step is to find out a control strategy from the graph 
representation of the system. This control effort is in a 
specified set of inputs that are quantized. We have: 


[u(k )]= g (lx (k )) (5) 
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. Where [.] means the quantized value. The control law, g (.), 
should be selected to maximize the probability of reaching 
final state that is Z=0, in minimum time. The objective 
function is the following equation: 

Maximize: 

lim .prob.{[x (k)]=0} 
subject to: 


x(k +l=f (x(k),u(k)) (6) 


B. Genetic algorithm as an efficient optimization method 
Genetic Algorithm is a searching process based on the 

laws of natural selection and genetics. The GA operates 
entirely differently from conventional optimization procedures; 
provides further flexibility and robustness [5], [6]. In addition, 
the GA approach has several advantages such as a reduced 
computational complexity, faster convergence and guaranteed 
global optima in most cases. A typical GA cycle is shown in 
Fig.4. Each gene witch is the inputs in this problem, can be 
coded as a binary or floating-point string of Z length. In this 
study, a binary string is used. A chromosome consists of all 
genes. 






Population 


{off springs) 


GA Cycle 
Fig.4.A simple GA cycle 


A. Objective Function 

The objective function, the function to be optimized, 
provides the mechanism for evaluating each string. In section 
IV, objective functions are defined in proper positions. 


B. Selection 

Selection model is nature’s survival-of-the-fittest mechanism 
that is: fitter solutions survive while weaker ones perish. The 
selection mechanism that has been applied in this study is 
Roulette-wheel selection which is the most common and easy- 
to-implement selection mechanism [17]. It should be noted that 
in this work, this method is modified in combination with 


elitist strategy where a definite number of best solutions are 
copied into the succeeding generation. 

C. Genetic Operations 

' Crossover is a recombination operator that combines 
subparts of two parent chromosomes to produce offspring that 
contain some parts of both parents’ genetic material. A 
probability term ( pọ) is set to determine the operation rate. 
That is, a floating number (between O and 1) for each 
chromosome is assigned randomly. If this number is smaller 
than Py, this chromosome goes into crossover. A crossover 
point is randomly selected and the portions of two 


„chromosomes on the two sides of this point are exchanged to 


form the offspring. Mutation is an operator that introduces 
variations into the chromosome. This variation can be global or 
local. The operation occurs occasionally (usually with a small 
probability p,, ) but randomly alters the values of a string 
position. Each bit of a bit-string is replaced by a randomly 
generated bit if a probability test is passed. Figure.5 shows a 
typical crossover and mutation operation. 


oro fafa ebay | 
omanlopi on [i oe f l 


Offsprng?[1 [1 [ojola Feie faa fo [1] a heh] 


Ciomove: Mutation 


Fig.5. A typical crossover and mutation operation 


Such a GA cycle is repeated until a desired termination 
criterion is reached (in this case, a predefined number of 
generations are produced) [4]. 


V. 2DOF INVERTED PENDULUM EXAMPLE 


A. Model description 

The problem of balancing a two degree of freedom (DOF) 
pendulum has been a benchmark problem in demonstrating and 
motivating various control design techniques [1] ,[2]. From a 
control design perspective, a challenging and difficult problem 
is presented as the system is nonlinear and the open-loop is 
unstable. In addition, need for a sensor system to measure the 
inclination angles of the pendulum contribute to the complexity 
of the balancing problem. A spherical pendulum system based 
on a X-Y table was designed and constructed. Then, a control 
model was developed by projecting the system onto the x-z and 
y-z planes of the inertial coordinate system. These projections 
were treated independently and were controlled individually by 
the x- axis and y- axis, respectively. Two stabilization 
controllers were designed for each planar inverted pendulum. 
In fig.6 the schematic of the system is presented. The table is 
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equipped with special DC motors as actuator and the pendulum 
is fixed in a cart and it can rotate free in all directions. The 
sensors of angles are a track ball mouse. 





Fig.6 schematic of the 2DOF inverted pendulum 

Actually, different friction terms should be added into the 
dynamics model in a practical implementation. Two friction 
terms are considered in our model, one is the viscous friction 
when carriage M performs its linear motion on the ball screw; 
the other is the viscous friction when the pendulum rotates 
around its pivot. Let the modified dynamics model of a 
spherical inverted pendulum as following: 


(M, +m)x" + mlaCosa.——ml Sina +Cy,X'=T, (7) 
mlx 'Cosa+i m?o +e 0- mgiSina=0 (8) 
M, +m)y”+imiB'Cosp -Zm BSin +Cu Y =T, (9) 
5mly Cos +=ml°B” +c,,f!—=mglSinB =0 (10) 


Where, 

M „ : Mass of carriage respective to x-axis; 

M , : Mass of carriage respective to y-axis; 

m : Mass of pendulum; 

l : Length of pendulum; 

x : Linear displacement of carriage in x direction; 

y : Linear displacement of carriage in y direction; 

æ : Inclination angle of pendulum on xz projection; 

B : Inclination angle of pendulum on yz projection; 

Cure, > Viscous friction coefficient for motion of 
carriage in x and y directions, respectively; 

C ma 2C ay | Viscous friction coefficient for rotary motion of 
pendulum on xz and yz projections, respectively; 

T, »T, : Force provided by the motors to implement linear 
motion in x and y direction, respectively. 


B. Practical System 

The performance of the experimental hardware played very 
important part in this project. The flexible motion of the X-Y 
table, and the reliability of the sensor system were the decisive 
factors in the success of the whole system. Fig.7 is a schematic 
description of the overall system. And the practical system is 
shown in fig.8. The control box is FPGA based and designed to 
negotiate with windows based computer with fast USB port. 
The sensors of pendulum are two digital encoders in a track 


ball mouse. The actuators that produce forces are DC motors 
that are coupled to the system. 





Fig.7 Overall schematic of X-Y table system 
experiments of spherical inverted pendulum 





Fig.8 
pendulum 


Picture of the working 2DOF inverted 


B. Practical Results 

As it is indicated earlier, around the set point, X and Y axis 
are approximately independent and the system converted to 
two one dimensional inverted pendulum. First of all, 3 
dimensional (Œ, œŒ’, x ) space and (B, B’, y ) space, and also 
the inputs, T, and T, must be partitioned and quantized 
properly. The each set of equations, can be converted to a 
special graph. The first one is sketched in fig.9. In the next step 
the optimized path with minimum travel time, is obtained with 
genetic algorithm. This path defines the proper inputs and the 
application of them to actuators, are done and the final results 
are presented in fig.10. The responses depend on the 
quantization process and that how fine we define the near final 
set point parameters. 
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Fig.9 the x ~@ portion of system graph 
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Fig.10 alpha and beta Resulted from the qualitative 
control 
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Abstract—A variant of Backpropagation algorithm is proposed 
for feed-forward neural networks training. The proposed 
algorithm improve the Backpropagation training m terms of 
quick convergence of the solution depending on the slope of the 
error graph and increase the speed of convergence of the system. 
Using the proposed algorithm, a simple, accurate and fast 
multilayer feed forward artificial neural network (ANN) model 
for S-parameter extraction of an InGaAs/InP PHEMT is 
developed. 

The Genetic algorithm is applied to predict the most optimized set 
of S-parameters. The developed ANN model has demonstrated 
excellent precision and accurately models the microwave 
characteristics of the InGaAs/InP PHEMT. Furthermore, the 
developed ANN model requires a very small computational time 
compared with numerical models, which is very attractive for 
microwave applications. In addition, the model is suitable for 
physical-parameter extraction from available measured data. In 
order to verify the validity of the ANN model, a comparison 
between the measured S-parameters and the S-parameters 
calculated by the neural network was carried out under arbitrary 
chosen bias conditions are plotted and excellent fit between the 
simulated data and experimental data is observed. 


Key words—Backpropagation algorithm, feed forward neural 
network training, Genetic algorithm, S-parameters. 


I. INTRODUCTION 


BED-forward neural networks (FNN) have been widely 

used for various tasks, such as pattern recognition, 
function approximation, dynamical modeling, data mining, and 
time series forecasting, [1-3]. The back-propagation algorithm 
has been investigated many times with minor variations [4-7]. 
However, even to date, there are still a great number of 
problems that cannot be solved efficiently by the majority of 
the training algorithms that have been proposed over the years, 
using standard simple feed-forward network architectures. A 
number of different kind of BP based learning algorithms, such 
as an on-line neural-network learning algorithm for dealing 
with time varying inputs [8], fast learning algorithms based on 
gradient descent of neuron space [9], second derivative based 
norlinear optimization methods [10], conjugate gradient 
methods [11] and genetic algorithms [12,13] avoid use of any 
gradient information. Levenberg—Marquardt algorithm-[14-16] 
is the most powerful and a popular second derivative based 


algorithm that have been proposed for the training of feed- 
forward networks which combines the excellent local 
convergence properties of Gauss-Newton method near a 
minimum with the consistent error decrease provided by (a 
suitably scaled) gradient descent faraway from the solution. In 
first-order methods (such as gradient descent), a local 
minimizer problem is overshooted with the inclusion of 
momentum term. The momentum term actually inserts second- 
order information in the training process and provides 
iterations whose form is similar to the conjugate gradient (CG) 
method. The major difference of Backpropagation with the 
conjugate gradient method is that the coefficients regulating 
the weighting between the gradient and the momentum term 
are heuristically selected in BP, whereas in the CG algorithm 
these coefficients are adaptively determined. However, these 
algorithms also share problems [17] present in the standard 
Backpropagation algorithm and may converge faster in some 
cases and slower in others. Comparison of the speeds of 
convergence of different schemes for implementing 
Backpropagation is not clear-cut, though a discussion on 
benchmarking of the algorithms can be found [18]. 

In this paper, a proposal for a variant of back-propagation 
algorithm for FNN with time-varying inputs has been 
presented which is capable of overcoming the shortcomings of 
the BP as discussed above. 

A simple, fast and robust algorithm for simultaneously 
determining the weights and architecture of a neural network 
model - the structured genetic algorithm is taken and applied 
to the small signal modeling of InGaAs/InP PHEMT. 


If. PROPOSED VARIANT OF BACKPROPAGATION ALGORITHM 


Assume a network with N inputs and M outputs. Let x, be 
the input to i" neuron in input layer, B! be the output of the j" 
neuron before activation, yj be the output after activation, b, be 
the bias between input and hidden layer, by be the bias between 
hidden and output layer, wy be the weight between the input 
and the hidden layers, and wy, be the weight between the 
hidden and output layers. Let i, j and k be the indexes of the 
input, hidden and output layers respectively. 

The response of each unit is computed as: 
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n 
By= bjt Y x wy 


i=l ( 1) 
y = (1/(1+exp(-B))) (2) 
Weights and bias between input and hidden layer are 
updated by the following equations: 


For input to hidden layer, for i= { to n, 
wy(t+1) = w(t) + SÈN 8 yit S œ (y(t) - wy(t-1))) 6) 
b(t+1) = b(t) + S(7 8, + S & (b(t - b(t-1))) (4) 


Where, ô j is the error between the input and hidden layer 

and calculated as: 
õ& = y; 1- y;)- J, Siwe 
k 

(5) 

Weights and bias between hidden and output layer are 
updated by the following equations: $ 

For hidden to output layer, for j = 1 to h, 


walt) = wy(t) + SÒN & yj + So (walt) - wglt-1))) ©) 
by(t+1) = by(t) + S(T & + S œ (b(t) - by(t-1))) (7) 


and ô k is the error between the hidden and output layer 
and calculated as: 


Oc = yk- (1— y) (de — ye) (8) 
where 1) is a positive constant, called the learning rate (m < 
1 ) and © is the momentum coefficient, which is used to ensure 
a rapid convergence and to avoid the solution’s convergence to 
local minimums and ô is the error and S is the speed factor, is 
used to increase the speed of convergence of the system. 


II. NEURAL NETWORKS AND GENETIC ALGORITHMS FOR S- 
PARAMETER MODELING 


This section of the paper presents an alternative method of 
using neural networks in modeling. The training method used, 
has the advantage of being relatively insensitive to the 
parameters of the algorithm and initial conditions. It can also 
be used for the simultaneous determination of weight values 
and the optimum number of neurons, a feature that could be 
useful for the automation of the training process. The training 
method uses a hierarchical representation for the genetic 
structure in which the neurons are represented as a high-level 
layer of genes controlling a lower level layer of weight genes. 
One other advantage of using our training method is that it bas 
a randomizing mechanism called mutation which can be 
manipulated to escape from local minima traps thus avoiding 
the problem encountered in gradient descent methods. 

The algorithm as described here assumes a feed forward 
neural network with one hidden layer. i 

1. Initialize a population of N arrays with small real random 
numbers. These arrays represent the weights between the input 
and hidden neurons. 

2. For each individual, calculate the activation of the hidden 
neurons. Then calculate the output layer weights by using 


linear regression to solve for the”best fit” of the activation to 
the output data. l 

3. Evaluate the fitness of each member to use the mean 
square error of the solution obtained in the previous step. 
Select individuals for reproduction based on their fitness 
values. Perform crossover and mutation operations. Evaluate 
the fitness of every member in the population. If the 
termination condition is not met, go to step 3. Else, select the 
best individual and exit. 

Based on the training mechanism, the sets of S-parameters 
for a set of input parameters are determined and the same 
values are used as initial population for Genetic algorithm. As 
the Genetic algorithm runs, it attempts to solve the problem by 
repeatedly proposing new solutions. The fittest solutions are 
recombined with older solutions to form new solutions. The 
fitness function is defined over the genetic representation and 
measures the quality of the represented solution. Operations of 
Genetic algorithm (Selection, Crossover, Mutation, and 
Termination) are applied on‘ a set of calculated data having 
same input but different outputs and the combination close-set 
to the actual result is selected. 

The results are obtained using scattering parameters as 
shown below. 

Sy(m) = F[Vase Ian fop] 

Sp (ang) = F[Vaus Las, fop] 

Where i, j individually take disjoint values from the given 
set G = [1,2]. 

The model is based on the three layers (one input layer, one 
hidden layer and one output layer) feed forward architecture as 
shown in figure 1. 





Figure 1: Neural network configuration for S-parameter 
modeling. 

The number of neurons in the hidden layer was optimized so 
as to obtain a close agreement with the experimental results. A 
training set of data, which consisted of a set of variables at 
multiple frequencies measured at multiple biases, are then used 
to mode] the network. The learning rate is set and the neural 
network model is subjected to an initial set of 
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weights. The weights are adjusted to minimize the mean 
squared error of the outputs by using the training algorithm. 


IV. RESULTS AND DISCUSSION 


The algorithm proposed in this paper were tested on the 
training of standard multilayer. feed forward networks (FNNs) 
and applied to several problems. The FNN simulator was 
implemented in Visual Basic .NET. 

In the present paper, we have developed a neural network 
model for the S-parameters of an InGaAs/InP PHEMT (figure 
2). The input parameters are the drain to source voltage, drain 
current and frequency of operation and the output parameters 
- are S-parameters corresponding to magnitude and angle 
respectively. 

The neural network model consists of three layers (one input 
layer, one hidden layer and one output layer). Training has 
been done using a modified back propagation algorithm with 
genetic algorithm. Training the network involves the 
determination of suitable values for the interconnection 
between the neurons in the different layers so that the error 
between the measured outputs of the network and the desired 


Figure 2: S parameters. 


outputs are minimized. The number of neurons in the hidden 
layer was optimized so as to obtain a close agreement with the 
experimental results. A training set of data, which consisted of 
a set of variables at multiple frequencies measured at multiple 
biases, are then used to model the network. The learning rate is 
set and the neural network model is subjected to an initial set 
of weights. The weights are adjusted to minimize the mean 
squared error of the outputs by using the training algorithm. 

S-parameters are the reflection and transmission coefficients 
between the incident and reflection waves. They describe 
completely the behavior of a device under linear conditions at 
microwave frequency range. 

The result for the InGaAs/InP PHEMT is shown in figure 2 
where all the S-parameters (S11, S12, $21, S22) are plotted 
and compared with the experimental data [19]. Excellent 
agreement with the experimental data shows the validity of our 
model. 


; V. CONCLUSION 

The variant in BP has been proposed for the training of feed 
forward neural networks. The convergence properties of the 
algorithm has been studied and the conclusion was reached 
that new algorithm is globally convergent. The proposed 
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algorithm was tested on available training tasks. The neural 
network method has been applied to the modeling of S- 
parameters and shown to give results that have been verified 
by comparing with experimental results. Thus, the neural 
network modeling technique can be applied to a variety of 
microwave circuits. It also has been demonstrated that 
transistors can be modeled by training neural networks with 
genetic algorithm. 

Thus a neural network based model is developed that can be 
used to determine the microwave parameters of an InGaAs/InP 
PHEMT with a greater accuracy and at a faster rate. 
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Abstract— A Su-Schrieffer-Heeger type of Hamiltonian is used to 
model defect states in Poly-Thiophene and Poly-Selenophene. 
Genetic Algorithm is invoked to find minimum energy structures 
with or without the imposition of zero band-gap constraint. 
Polaronic defects do not reduce the neutral PT band-gap 
sufficiently. Bipelarons on the other hand reduce the band-gap 
significantly (=0.6 ev). Under zero band-gap constraint, 
bipolaron doped PTs produce slightly higher energy structures 
that have vanishingly small band gap. It could be that conducting 
states of doped PTs and PSs are the equivalents of ’zero band 
gap’ constrained, slightly metastable structures reported here. 


Key words— Doped Polythiophene, Polyselenophene, Genetic 
Algorithms, Constrained optimization problem. 


I. INTRODUCTION 


OLYTHIOPHENES (PTs) are known to exhibit metallic 
conduction under doping. 
These molecules can be synthesized rather easily, are 
chemically stable and can be easily hole-doped. Naturally, PTs 
have attracted a lot of attention of experimentalists and 
theoreticians alike{I]—[14]. Neutral PTs are semiconductors 


with a band-gap of 2 ev. The photoelectron spectrum of PTs 
reveal the presence of m-bands and the Fermi-level is about 
1.2 ev above the valence band. Doping probably creates 
_ bipolaronic or polaronic defect states reducing the band-gap to 
a very low value. The optical transition in PTs at low levels of 
doping indicate electron-phonon coupling (defects). At higher 
levels of doping the optical properties of PTs begin to display 
metallic properties (15]—[19]. 

There is little doubt that the polaronic or bipolaronic defects 
represent the main charge storage mechanism in hole doped 
PTs. There is indication however, that with increasing level of 
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hole doping the band gap first diminishes and then rises as 
saturation doping is reached. At high levels of doping, the 
predicted band gaps do not indicate the presence of a metal- 
like conducting structure. Previously, we studied the problem 
using a modified form of Su-Schrieffer-Heeger Hamiltonian 
for representing the 77 -electron Hamiltonian [20]—[23] and 
the Simulated Annealing Method (SAM) (24]—[26] for 
locating the global minimum on the total energy surface 
(27]—[28]. It appeared that a lattice like regular arrangement 
of bipolarons represented the doped states at high level of hole 
doping and the state practically had zero band gap. If the 
system is allowed to evolve theoretically on the PES for a very 
long time, the defect state turns out to evolve further into a 
state that is less symmetric and the band gap increases 
significantly above the near zero value. Although there is non- 
zero density of states at Fermi energy, the band gap is a bit too 
high. 

Our main focus in the present communication has been to 

develop a Genetic Algorithm [29]—[30] driven method for 
searching the potential energy surfaces of doped PTs and PSs 
generated by the Su-Schrieffer-Heeger Hamiltonian under the 
imposed constraint of zero-band gap. The purpose has been to 
explore 
(i) if bipolaronic defects can simultaneously produce zero- 
band gap, non-zero density of states at Fermi energy and a 
correct disposition of the HOMO and LUMO for charge 
migration, 
(ii) whether enforcing zero-band gap constraint, distorts the 
bipolaronic charge distribution across the PT or PS chains; 
(iit) whether polaronic defects could lead to metallic 
conduction. 


I. METHOD 
We start with the SSH Hamiltonian ( H ) where 
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H=H,+H, (1) 


H, is the 2 -electron Hamiltonian defined as follows 
H,=Y.a,a'a, +35 Void, + HC. (2) 
n nm 


H, represents contribution from the O -framework as defined 

below: 

Hy =D HAT S Rn) o 
n nm 

a,, is 7 -electron self-energy at the n” site, V,,, represents 

the distance ( R m ) dependent hopping interaction between the 


th 


n™ and the m" sites, n, m running over all atom pairs 
Joined by ø -bonds. The form of V,m chosen is 

Vim = ~Ae® (4) 
where A, B are parameters taken from the literature [8],[33] . 
f (Ram) is the elastic energy of the o -bond between the n” 
and the m atoms and is represented as follows: 

Ff Ran) =-AD un Bam ~ Bim t Be ™ (5) 
where A, B and Dym are parameters of the model. 


Under the frozen core approximation the lattice term reduces 
to potential energy term and is given by 


B= 5S Ba) 6 


The m MOs are built up from the atomic2p,, 3p,(4p,) 
orbitals as follows 


N 
or = >I) CH (7) 
k=l 


ch are the variational parameters. 

The total energy of the chain is the sum of 7 -energy and the 
o framework potential (number of occupied MOs, nocc = 
N/2) 


an 


E; = E, +E, (8) 
where 

nocc 
E, = Dm (9) 


kml 
= $, qnn t+ 2D, ¥ Vin Pim 
n a <n 


n, is the occupation number of the k* m-MO and E, is 
already defined. 

Pm S are the elements of the charge density bond order matrix 
defined as 


(10) 


noce 

P= 5 Gc (11) 
kal 

Qn = Pom (12) 


Our main task is now to find out the set of {R,,,} and the 
corresponding {c,}s that minimize the total energy subject to 


the constraint that AE = (Enoce — Enoce) =0. It essentially 
means that we have a constrained variational problem at hand 
and we propose to solve the constrained variational problem 
by Genetic Algorithm driven search on the constrained 
potential energy surface of the PTs and PSs. The basic search 
variables are the distance between distinct adjacent atom pairs 
(Ram) Which are collected in strings {S;} where 


S1 = Ria Rig nr Rye Reyer Rtn) 


= Si (G Xr Xy) (13) 

A collection of m -such strings constitute the population 
which is allowed to evolve under the standard GA operations 
like selection, crossover, mutation and diversification. The 
scaled fitness function of the problem is defined through the 
objective function which is 
Foy = (Ep {Rpm }— EL)? + (Enoce Rum} Enocesi Ran D? (14) 
where E, is an estimated lower bound to the total energy 
(improvable), Eso is orbital energy of the HOMO, &,,.¢4; iS 
the orbital energy of the LUMO. The fitness function is given 
by (A >0) 

Fae (15) 
which clearly scales between 0 and 1, the value F=1 is 
reached only if the band-gap is zero, and the energy Er = E, . 
We use a fitness proportional selection and arithmetic 
crossover and mutation with probabilities P. =0.8,P,, =0.01, 
respectively. Diversification has been carried out at every 
generation with diversification probability P, = 10% 
[31-32]. 

To begin with all the 7 -starting strings are evaluated for 

their fitness values (Fj, Fz»... Fn) and a selection is carried 
out to prepare the mating pool. The post selection mating pool 
is expected to have more copies of better individuals with 
higher fitness and therefore have higher average fitness. 
The crossover (with probability P.) has been carried out by 
randomly selecting a pair of strings from the mating poo! and 
selecting a site for crossover similarly. If the k” site is chosen 
for crossover, the process of crossover generates two strings, 
S; , S; as follows: 


Sp— Sy (pp Xa XG reer Xp Mpg eo By) (16) 
Sy— Sy (Yo Yo Varo Yes Yeates YN) (17) 
where 

4% =fxy+-f)y, (18) 
y =-f)x + Fy, (19) 


(=k,2..4.N,0<f <1. 

The mixing parameter f is chosen randomly in the 
specified range. Each post crossover string is made to undergo 
mutation with a probability P, = 0.01 and intensity A, as 
follows: 


xy =x +)! RA; (20) 
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where / is a randomly chosen integer, 7, is a random number 
(0<7 <1) and A, is the mutation strength or intensity (user 
controlled). After carrying out crossover and mutation 
operations, fitness of m new strings are evaluated and the best 
m strings from among the m -parents and m -offsprings are 
chosen for the next generation in what is known as a strongly 
elitist GA [13], [14]. The geometrical parameters of each string 
are used to compute the H, matrix which is diagonalized and 
the eigenvalues and eigenvectors are used to compute the 
fitness value. The entire sequence of operations of selection, 
crossover and mutation are carried out repeatedly till the string 
with the highest fitness does not show any improvement over 
1000 generations. The geometrical parameters (14, X2,....%y) 
coded by the string with the highest fitness define the structure 
of the polythiophene chain. The corresponding H, is 
constructed, diagonalized, the eigenvalues, eigenvectors, 
charge densities are computed and analyzed. 


UI. RESULT AND DISCUSSION 
The parameters of the model are reported in Table I [8], [33] 


TABLE I: Parameters of the Model Used 


[A |B | C fac] as | Ree | Res | 
| 123.6 | 0.3776 | 7.814 | oo | -4.0 | 1.557 | 1.782 | 
[Aa J B Je] 





C lec} au | Roc | Recs 
| 176.6 | 0.3565 | 8.105 | 0.0 | -3.44 | 1.578 | 1.932 | 


The Genetic Algorithm used population size of m=10, 
single point arithmetic crossover with P, =0.8 and multi point 
arithmetic mutation operator along with roulette wheel 
selection. The GA was parallelized under Master-Slave 
architecture (1 master + 10 slave nodes, with a gigabit switch 
connecting the slave and master nodes). 


TABLE MI: Data for the optimized 100 ring, neutral and 
bipolaron doped (unconstrained and band gap constrained), PT 
chain 










e aina aes | Laos | zaara Tae 
ELA 


s 
e sias [asis | ossze | 0.60990 | 24912 
[1] Esme | aeoo | 057619 | 0.027910 | O35013 | 
a anse | | -0.60267 | 8.892100 | 0.60267 | 
4 sears | 058138 | -0.58138 | 1.552° 107 | 0.58138 | 
Ce saas | -062204 | -osis29 [0.10675 _| -0.56867 | 


The optimized energy ( Æ ), band gap, Fermi energy, etc. of 
neutral polythiophene chain of 100 PT units together with its 
bipolaron doped counterparts are reported in Table H. Table 
MI reports the corresponding data for the unconstrained 
polaronic defect states. 
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TABLE Ill: Data for the unconstrained polaron doped, 100 
ring PT chains 


Doping Fermi 
[tact | Eere | nomo | rumo | namacap | Poe | 
(1 | -5138.869 | -0.56040 | 0.92719 | 1.48761 | 0.18339 
|2 | -5137.727 | -0.54322 | 0.90922 | 1.45245 | 0.18300 | 
[3 | -5136.606 | -0.54322 | 0.90923 | 145246 | 0.18300 | 
[4 | -5135.458 | -0.54330 | 0.90919 | 1.45249 | 0.18294 | 







Fig. 1: Density of States for band-gap constrained structure of 
two-bipolaron doped 100 ring PT 
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It is clearly seen that polaronic defects do not reduce the band 
gap to a level where metallic conduction could set in (2 ev to 
1.4 ev). Bipolaron doping brings the band gap down to =6 
ev, independent of the doping level. There is non-zero density 
of states at the Fermi energy and HOMOs are highly 
delocalized. When zero-band gap constraint is used during 
optimization, the band gap practically vanishes first and 
reappears with much reduced values at higher levels of doping. 
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Fig 3: LUMO density distribution for two-bipolaron doped 
100 ring PT f 
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These states have slightly higher energy relative to the 
unconstrained state and are therefore metastable. The double 
bipolaron-doped constrained polythiophene chain of 100 rings 
may be taken up as a test case. The band gap is 8.9x10% ev 
and the Fermi energy is —0.60267ev . The density of states at 
Fermi energy is shown in fig. 1. while the HOMO and the 
LUMO are displayed in fig. 2 and 3. The distribution of 
electron density (charge) of two ’bipolaron’ is shown in fig. 4. 
‘The defect appears to be localized over 20 PT units of the 
chain. The HOMO and LUMO are localized in different 
contiguous regions of the chain, providing the probability of 
charge migration from one part of the chain to the other when 
a bias voltage is applied. 


Fig 4: Charge distribution for two-bipolaron doped 100 ring 
PT 
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Polyselenophene presents a similar scenerio (Table IV). It 
could be that the hole doped conducting PTs and PSs are 
metastable structures that resemble the zero-band gap 
constrained structures predicted by us at low doping levels, 
which too are metastable. The globally stable doped structures 
are probably semiconducting. Detailed X-Ray and neutron 
diffraction studies on the doped PTs and PSs can settle the 
picture unambiguously. 


TABLE IV: Data for the optimized 100 ring, neutral and 
bipolaron doped (unconstrained and band gap constrained), PS 
chain 


LUMO | BandGap | Fermi 
level Level 


Minimum Energy Structure (Bipolaron) 













[6 | -49549641 | -0.94098 | -0.17297 | 0.76800 | -0.55698 | 
| 2 | -4958.9698 | -0.64010 | -0.61397 | 0.026123 | -0.62703 | 
[4 | -4956.5074 | -0.62477 | -0.59108 | 0.03368 | -0.60792 | 
[6 | -4954.3540 | -0.73568 | -0.62402 | 0.11163 | -0.67984 | 
. The bipolaron doped band gap constrained structures of PSs are 

not globally optimal. Further evolution could reduce the 
band gaps and energies 


IV. CONCLUSION 


Genetic Algorithm driven zero band gap constrained 
optimization of bipolaron doped PTs and PSs indicate the 
existence of metastable conducting structures at low doping 
level. The unconstrained bipolaron doped structures are stable 
may not be metallic, even at the saturation level of doping. 
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Abstract—Motivated by the need for optimization of parallel 
mechanisms, this paper presents a new strategy in optimum 
design of a six-degree-of-freedom (6-DOF) manipulator, Stewart 
platform. First a closed form technique is used for the forward 
Kinematic analysis of the platform’s motion. The optimum 
platform is the one which is singularity-free, response optimized, 
without interference of legs and having improved dexterity, 
workspace volume, lower moving mass and higher load 
capacitance of the bearings. A genetic algorithm (GA) code 
developed considering the first five of these characteristics 
simultaneously as the objective function which is derived by a 
new technique and is based upon the simulation of the whole 
model. As stiffness, higher load bearing and acceleration with 
lower quantity of moving mass is usually mentioned as potential 
advantage of parallel] mechanism, such parameters as we will see 
don’t have much influence on the final optimal solution. 


Key words—Genetic Algorithm, Modelling and Simulation, 
Optimization, and Stewart Platform. 


- I. INTRODUCTION 

po robots have become a large area of interest in 

the field of robotics. Although parallel mechanisms have 
reduced volume of workspace in comparison with serial 
mechanısms they have higher accuracy, velocity and rigidity 
[1]. These mechanisms are of various kinds but the most 
famous one is the Stewart-Gough manipulator which has 
applications in flight simulation, telescopes, satellite dish 
positioning, machine tool technology and a lot more [2]. 
Stewart platform has been a field of mterest for years. Some 
modifications have been suggested for its design especially by 
Stoughton and Arai [3], [4]. Different works have been done 
on kinematic analysis of the problem [5]-[9]. As we will show 
the forward kinematic problem has 40 possible solutions (real 
and complex) [10]. Su brought a new method for singularity 
analysis of Stewart platform using genetic algorithm (GA) 
considering the square of determinant of Jacobian matrix of 
the platform [11]. 

In this work, we modeled the platform in ADAMS and 
mentioned the positions of legs as design variables. The plant 
was then exported to Simulink to design the PID controllers 
and also the Jacobian matrix of the platform was derived. We 


developed a GA code for the optimization of all of these as a 
multi objective decision functions together with optimal 
control design. The results gained were checked and taken as a 
set of design points and the resulted mode! was analyzed with 
ANSYS. 


Tl. FORWARD DISPLACEMENT ANALYSIS OF GENERAL 
STEWART MECHANISM 


First let’s go through the displacement analysis of Stewart 
platform. This helps us understand the mechanism better. We 
will see that deriving a general objective function neither in 
explicit nor in implicit form for optimization is not possible. 
Forward displacement analysis of the mechanism is 
considered, so we can get familiar with rotation matrix of the 
platform which ıs i relation with the singularity points. 
Consider the 6-DOF general Stewart mechanism shown in Fig. 
1. The six inputs are provided at the prismatic joints in each 
leg, which ın turn controls the location and orientation of the 
upper platform. For both moving and fixed platforms, the 
spherical joints P, and X,, i=1,...,6, are not restricted 
to lie in a plane, The notation and the loop-closure equations 
are given as follows (see Fig. 2). 


Let x, denote the vector from the origin of the global 


system to the grounded spherical pair X, , P, denote the vector 
(expressed ın movıng frame) from the origin of the coordinate 


frame attached to the platform at P; to the spherical pair P}, 1 


denote the vector from the ground spherical pair X, to moving 
spherical pair P, expressed in the base coordinate frame with /, 


j, ly, and the /,, being the x-, y- and z-components of vector i i 


[R] is the 3X3 rotational matrix (of direction cosines) denoting 
the orientation of the moving frame relative to the base frame, 


and x, , lı , } and p, denote the magnitudes of the vectors x, ; 


i s F and P, , respectively. 
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Figi. A 6-DOF general Stewart mechanism. 


Then, the loop-closure equations for the mechanism are: 
L =} +[R]p, -x f= 2m6 (1) 


Equating the magnitudes of the vectors on the left- and 
right- hand-side of (1) as: 


L1 = +(Rlp, ~x,)0, +IR]p, -x,) = 


dJ 


leads to: 


2_ See 2 
L; =h +x +p; 


+21,.[R]p, -2x, [R]p, - 2x, F 


and after expanding: 


2h (py) + 2h, (py) + 2h; (p,) 
+p +i + -i 

=2Alpy)n + (Py + (Py ale, 
—WA(Py 4 + (Dy rs + (Py) ly 
— ACP yy + (Py tg + (Py ley 
~ 21, (4) — 2Ly (ty) Halay) 


=0 j=2,...,6 
(4) 
Where: 
h=liñ +1, Fa tla 
h, =la Hlas +l 
h =lñ +1,, Tg tll (5) 


and (r1 „r2 s13), (T4 „Es .T¢), (t7 „rg 19) represent the three rows of- 





Fig2. A loop of general Stewart mechanism. 


the rotation matrix [R]. Since [R] is orthogonal, the rows and 
columns of [R] satisfy the following dot- and cross-product 
relations: 

r +r try =l 

r + r + ré =1 

rå + ie +m =1 


2,52, ,2_ 
n +R +m =l 


(6) 
Tl +1405 + =0 
Ho, + Fate +r =0 
Wy Py + 15.0% +R. =O (7) 
Vy = Py Tg — 13 Ts 
h =hF] hT 


The constant length condition of vector 1; is expressed as: 
Paty ly +l (9) 


The direct kinematics problem can now be stated as follows: 
for specified leg lengths 1, for j=l, . . . , 6, determine all 
possible assembly configurations (real and complex) of the 
mechanism in terms of the x-, y- and z-components of the 
reference leg x; , yı , Z; and the nine elements r; ,... ,f> of the 
rotational matrix [R]. 

The system of equations (4) to (9) represents a system of 19 
equations in 15 unknown variables, namely r; , .. . „To , X1, Yi, 
Zi , hy , h and h3. The method we use here for solving this 
system of equations is Sylvester- Gröbner hybrıd method [10]. 
Although only fifteen equations ((4), (5) and (9) and any 6- 
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Table.I Numerical data for Stewart mechanism 





equations from (6)}{8)) are needed to derive the closed-form 
VO polynomial for this mechanism, the fact that additional 
equations are used may actually improve the reduced Groébner 
basis computational efficiency, provided that the given over 
constrained system of equations is finitely solvable. In fact, 11 
additional relations can be derived from the dot- and cross 
products of the orthogonal vectors of the rotational matrix [R] 
that can be adjoined to (4)-(9) to derive the same reduced 
Grdbner basis. It should be emphasized that the reduced 
Gröbner basis and the number of generators used to setup the 
Sylvester's matrix is independent of the initial number of 
equations used to derive the reduced Grébner basis provided 
that the initial system of equations is finitely solvable. 

Using the degree lexicographic (dlex) term ordering with 
CsCl CTT LATTAT rlz rly srl rha <rhz<rh;, 
yields a reduced Gröbner basis G with 68 polynomials. For the 
numerical data given in Table. I, the 68 polynomials in G are 
not reported herein due to space limitations but they can be 
found in Almadi [12]. 

Suppressing the unknown rs, G can be viewed as a linear 
system of 68 equations in 68 unknown monomials r7, hirs, 
rye? , teat, Cate, T14, Tota’, tas lzi, Tida 11°, Paleotti, 13°, 
hife Tie, 13.6, r, lzy, T1097, 03-07, r7I6 7's Lite, Iig, 03.Tg, 
Teo I7 Te, Tes beso, Tilo, Tao, To.06 5 T7:To, Leo, I9, Tad, 1-02, 
F203, 2.06, 02.07, 12.0g, 12-19, T, lz1-T4, r114, 04.03, 14-6, 17.14, Teta, 
Igl4, r2T4, r4, hı, hy , hz, la, lys la, Tis 13, 6s 17, Tg, 19, I2, I4 and 
1, with the polynomial coefficients expressed in terms of rs. 


3 


&1 rr, 
3 68x68 Lun 
ay € k[rs] 
1 
Since G={gi, ..., sg}=0, (25) reduces to SX=0 where S is 


the 68x68 Sylvester’s (or coefficient) matrix and X is the 


6831 column matrix of the unknown variables (the 68 
monomials). The vanishing of the Sylvester's matrix 
determinant, ie., |5|=0, yields the following univariate 
resultant: 


Fiyq = 15° — 40.34068436r," + 2613.674295 1" 
+ 48741.59612r;” — 428723.4299r* 

— 4274132.1974rs° —83540302.7 974 

— 11009330437," + 0.17592145 13el ir í 
+ 0,19653508 60e127;' + 0.10480485 26e137;° 
— 0.2345420202e147,° + 0.1519869349e157,* 
— 0.2532142007e16r2" + 0.57630410 I Lel6r,* 
~ 0.1262508992e187,° + 0.1708093 1 86¢19 7," 
~ 0.12802265 50€20r,° + 0.1277021571e21r7 
— 0.1438435067e21r2! + 0.29596358 99e22r,° 
~ 0.5268 1081 51237," + 0.70362094 7923r; 
— 046072325 15e24r;” + 0.9532463 1 22e25 13° 
— 0.18088666 34e26r)* + 0.21006803 17e27r;* 
— 0.2058612826e28,r,* + 0.68933793 60e28 7,7 
— 0.3848331827e29r,' + 0.17496877 27e30r,° 
~ 0.3684514761¢30r2 + 010927644203 Ir? 
— 0.2122101006e3 Ir, + 0.1577335438e3 Irs 
+ 0.51674522 34e31r; + 0.45457486 1 1e31r, 
— 0.98047259 66e3 Ir; + 0.9522001983e3 Ir; 

— 0.16106509 14e32r, + 0.99948699 58e3 1 

=0 


(10) 


Here Fyo is the 40th degree I/O polynomial for the forward 
kinematics problem of the general Stewart mechanism and it is 
devoid of any extraneous factors. Two items are worth 
mentioning at this point. First, it is not necessary that the 
smallest variable in the dlex term order should be hidden to set 
up the Sylvester’s matrix even though it is the case with the 
example above where rs is suppressed. Second, it may be 
noted that the forty solutions could also have been obtained by 
solving the generalized eigenvalue problem (9) instead of 
expanding the determinant of the Sylvester’s matrix. The 
reason for expanding the determinant of S to derive the 
univariate I/O polynomial is that this polynomial contains a 
wealth of other information about Stewart’s mechanism such 
as its singular and unstable configurations which can be 
determined by analyzing discriminants of (9). Hence, the 
Stewart mechanism has 40 possible solutions (real and 
complex) since the I/O polynomial in (10) is a 40th order 
polynomial and the remaining unknown variables are linear 
and expressed explicitly in rs. It should be noted that since [R] 
is a direction cosine matrix, the elements (1) of this matrix 
must satisfy the additional constraint |r,|<1. Otherwise, the 
solution is considered to be complex since cos" (r>1) or sin’ 
(1;>1) leads to complex values. 
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Fig3. Stewart platform model in ADAMS . 


IO. MODELLING THE SYSTEM IN ADAMS 


As mentioned before we must perform ‘a stress strain 
analysis on the model. So modelling the dynamical system in 
simmechanics was not sufficient. As this model was a three 
dimensienal one first a simple model was sketched with 
SolidWorks 2006 and exported to ADAMS (See Fig.3.). This 
model was primitive and without much details. So all of the 
joints, contacts and actuators were been added. Later we used 
AdamsFlex and performed a stress analysis with ANSYS on 
one leg. But for exporting to MATLAB and Simulink we 
eliminate those flexible bodies to save time in design of 
controllers and optimum design of legs’ base points. In fact 
running a GA code on a Simulink model takes a lot of time. 
The most important thing in model was that design points 
which were in use for determining the base point positions 
were a kind of design variables and we should change it in 
various iterations to find the optimum solution. As-there is no 
control over them when this model is exported to Simulink, we 
- defined some arcs as constraints and defined six motions 
(displacement) for each base point along them. So the 
simulation were been done in two stages. First the base point 
moves as it reaches to desired place. And long enough after 
that the desired input motion was been generated from 
Simulink to ADAMS ‘plant. At first this may seem a little 
inappropriate but later it can be seen that this is in a good 
agreement with real platforms if such arc type constrains were 
build in a rail type base. This can be a proper modification to 

\ 





gd. View of the complete modal in Simulink 


IV. ANALYSIS OF STEWART PLATFORM USING SIMULINK 


Now again consider the Stewart mechanism. We saw in 
spite of using one of the best methods of analytical algorithms, 
it'll take us so much time just to perform position analysis of 
that Stewart mechanism. So we put the model described in 
section 3 as a unit (subsystem) of the contro] system. A 
schematic view of the model is shown in Fig. 4. 

This model can be simulated with any input data and 
running the model every time leads to results which are 
needed. For example by generating 6 random input signals 
(equal to the degree of freedom in addition to the position of 6 
design variable point mentioned earlier) for the mechanism, 

we'll have results gained after simulation and thus the curves 
of displacement, velocity, angular velocity, and acceleration of 
the platform's CG can be taken and analyzed. Note that to 
verify our results, we defined the input variables as those taken 
in Table I. Then by the results gained we computed the 
rotation matrix and substituted rs in (10) with the value gained 


` from the resulted rotation matrix and we saw that the value of 


Fw is equal to zero. Note that we choose all axis orientations 
like those defined in section II. In any case reaching to such 
answers is difficult in practice considering the round-off error. 
See [13] and [14] for analysis of such mechanisms. 


V. OPTIMUM DESIGN OF PLATFORM 


First we should define the objective functions. As usually in 
design of such manipulators price is not of great importance, 
we concentrate more on minimization of actuating forces, 
errors that will be explained later and stress. The last of those 
cannot be simultaneously studied with other two. In facing a 
multi-objective optimization problem, some methods like 
vector evaluated GA (VEGA) are usually used. We used 
weighted sum method which we find it more reliable in spite 
of being more time-consuming for this objective function. At 
last we wrote a function to find the pareto set out of the results 
(see Fig. 5). Thus we started with optimization of an objective 
function (as a MATLAB M-file). And by running the GA code 
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several times we received to candidate solutions 


function [xs,fs]=Final _Mam 
xsize=2 |; 10*ones(xsize, 1); UB=20*ones(xsize, !);LB=>- 
20*ones(xs1ze, 1), 
N=50,Pc=0.7:Pm=0.001 :xsize=size(1,1)num=20; 
for 1=1 num 
wi=ti-1)*1/num; 
w=[w1,1-w1;]; 
(x. F,fl=Final GA_Main(N,Pc,Pm,xsize,!,UB,LB,w); 
xs(,D=x;fs(.,nef - 
end 
[xs.fs]=Final_Problem01_pareto(xs, fs); 
plot(fs¢1,:),fs(2,:),""");xlabel(f1);ylabel(‘f2’); 





function [Xs,Fs]=Final _pareto(xs,fs) 
num=size(xs,2);A=[xs;fs]; 

i=0;j=0; 

while (i<size(A,2)) 

1=1+1 ;temp1=A(3.i);temp2=A(4,i); 
while (<size(A,2)) 

Ft; 

if and(temp1<A(3,}),temp2<A(4,))) 
ACJ EOyer1 

if j<i =i-1; end 


Xs=A(I:oum,:); 
Fs=A(3 4,:). 


Fig5. MATLAB Code for finding the Pareto set 


set). Considering each of them as a new set of variables stress- 
strain analysis (by finite element method using ANSYS) has 
applied to the ADAMS model. The results showed that all of 
-the candidate solutions were passed the stress criteria. This 
shows the advantage of parallel manipulators over others. But 
let’s discuss a little bit more about decision function for the 
Simulink model. The design variables here were Ki, Kd, Kt 
and 6 motions that were equivalent to the position of the legs’ 
bases. Here we face two problems. First one is a static 
optimum problem and second is the optimum control design. If 
we want to solve them separately; first one can be solved by 
MATLAB genetic algorithm toolbox and the second one with 
MATLAB optimum control design toolbox. But this way leads 
to lots of iterations. So for saving time we developed a GA 
code suitable for this kind of problem and write an M-file that 
includes the whole design function. This function is resulted 
from summation of the errors of the lengths of the legs and 
penalty criterion (as the actuating forces must not exceed from 
some specific value relative to prismatic joint and actuators). 
The error is defined as || ((R]p_t + p) - p_b || - 1_n ,where R is 
the rotation matrix for the top plate, p is the position of the 
origin of the top plate, p_t is the leg attachment point at the top 
plate, p_b is the leg attachment point at the base, and I_n is the 
nominal (reference) distance between the top and base 
attachment points. The magnitudes of errors are being 
averaged and summed (RMS) after long enough period of time 
that mentioned earlier. The maximum magnitude of actuating 
force is mentioned for penalizing the function. The function is 
also penalized by the inverse of the square of determinant of 
Jacobian matrix of the platform. In developing the GA code 


time for running the program considered mainly. A simple GA 
code (with tuning parameters taken in Fig. 5) results to a set of 
design variables including 6 position vector (=18 variabes) of 
the leg’s bases and 3 PID controller values. 


VI. RESULTS AND DISCUSSION 


Results showed that the modified Stewart platform 
manipulator that has been discussed shows much better 
dexterity. In addition as in this work we designed the PID 
controllers and other geometrical parameters simultaneously; 
the final solution is both singularity-free and response 
optimized. In addition it needs less number of iterations than 
using the classical trial and error method. Note that in our 
work Ki, Kd, Kt values were taken equal for all six legs. For 
extension of this work these values can be taken different for 
each leg. So that number of design variables increases from 21 
to 36. In this case the final design value set will be more 
appropriate. However using same PID controllers for all 6 legs 
is very usual in practice. 
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Abstract— Surface roughness and dimensional accuracy plays an 
important role for the better performance of any machined part. 
Cutting at high speed, depth of cut and feed, of course, will 
increase the production rate; however, it will sacrifice the 
machining quality, such as surface roughness values. It is very 
important to establish a functional relationship between the 
surface roughness with the cutting parameters and to optimize 
the same. This paper presents an approach to optimize the surface 
finish in end milling of stainless steel using coated TiN insert 
under dry conditions and fall immersion cutting. In this 
optimization technique, Genetic Algorithm is used to predict the 
optimum cutting conditions leading to the least surface roughness 
value. MATLAB 7.0 toolbox for GA is used to develop GA 
program. A mathematical quadratic model based on response 
surface methodology is used as a fitness function for the GA. The 
developed optimization technique proposed in this study ts 
coupled with RS model. The developed optimization technique is 
effective and can be efficiently used in other machining problems, 
The experimental results indicate that the proposed optimization 
model made good agreement with the calculated one. 


Key words—coupled RSM with GA, coated TIN, optimization, 
surface roughness. 


I. INTRODUCTION 


AL cutting is one of the important and widely used 
manufacturing processes in engineering industries. The 
study of metal cutting focuses, among others, on the 

features of tools, input work materials, and machine parameter 
settings influencing process efficiency and output quality 
characteristics (or responses). A significant improvement in 
process efficiency may be obtained by process parameter 
optimization that identifies and determines the regions of 
critical process control factors leading to desired outputs or 
responses with acceptable variations ensuring a lower cost of 
manufacturing [1]. Determination of optimal cutting 
parameters is one of the most important elements in any 


process planning of metal parts. The selection of optimal 
cutting parameters, like depth of cut for each pass, feed and 
speed, is very important issue for every machining process. In 
workshop practice, cutting parameters are selected from 
machining databases or specialized handbooks, but the range 
given in these sources are actually starting values, and are not 
the optimal values. To ensure the quality of machining 
products, and to reduce the machining costs and increase the 
machining effectiveness, it is very important to select the 
machining parameters. A machinability model may be defined 
as a functional relationship between the input of independent 
cutting variables (speed, feed, depth of cut) and the output 
known as responses (tool life, surface roughness, cutting force, 
etc) of a machining process [2]. Response surface 
methodology (RSM) is a combination of experimental and 
regression analysis and statistical inference. RSM is a dynamic 
and foremost important tool of design of experiment (DOE), 
wherein the relationship between response(s) of a process with 
its input decision variables is mapped to achieve the objective 
of maximization or minimization of the response properties 
[3]. 


Many researchers used different techniques for the 
optimization of different machining parameters for the 
optimum surface finish. Taraman [4] used Response Surface 
Methodology (RSM) for predicting surface roughness. A 
family of mathematical models for tool life, surface roughness 
and cutting forces were developed in terms of cutting speed, 
feed, and depth of cut. Hasegawa et al., [5] conducted 34 
factorial design to conduct experiments for the surface 
roughness prediction model. They found that the surface 
roughness increased with an increase in cutting speed. 
Sundaram and Lambert [6 -7] considered six variables i.e 
speed, feed, depth of cut, time of cut, nose radius and type of 
tool to monitor surface roughness. Mital and Mehta [8] 
conducted a survey of surface roughness prediction models 
developed and factors influencing surface roughness. They 
found that most of the surface roughness prediction models 
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were developed for steels. Boothroyd [9] investigated effect of 
speed, feed, depth of cut etc., on steel. Baradie [10] also 
emphasized the use of RSM in developing a surface roughness 
prediction model for turning grey cast iron. But optimization 
of the combined effects of the different process parameters is 
an important factor for the optimum surface quality. In this 
paper, an optimization technique is proposed based on coupled 
RSM and Genetic algorithm for the optimum cutting 
parameters for the prediction of surface roughness. 


Il. EXPERIMENTAL DETAILS 


In this study, cutting tests are carried out for end milling in 
dry conditions on vertical machining centre with 20mm 
diameter tool holder fitted with a single Coated TiN insert. 
Machining was performed with full immersion. The roughness 
of SS304 was measured by Mitutoyo SURFTEST SV-500. In 
this work, down milling method was employed in end milling- 
due to some advantages like better surface finish, less heat 
generation, larger tool life, better geometrical accuracy. 


A. Coding of the independent variables: 


The independent variables at different levels were coded 
taking into considerations the limitation and capacity of the 
cutting tools. Levels of independent and coding identification 
are presented in Table 1, for experiment using Coated TiN 
inserts, respectively. 


Table1.Coding Identification for end milling using Coated TiN 
cemented carbide insert 





B. Experimental Design: 


The design of the experiments has an effect on the number 
of experiments required. Therefore, it is important to have a 
well-designed experiment to minimize the number of 
experiments which often are carried out randomly. In the 
experiment, small central composite design was used to 
develop the surface roughness model. The analysis of 
mathematical models was carried out using Design-expert 
6.0.8 package [11]. Cutting conditions in coded factors and the 
surface roughness values obtained using TiN coated cemented 
carbide insert are presented in Table 2. 


. 


Table2. Surface Roughness results and cutting conditions in 
coded factors 





Il. DEVELOPMENT OF SECOND ORDER MODEL 
USING CCD DESIGN 

The Fit and summary test which are shown in Table 3, 
indicate that the quadratic model CCD models was more 
significant than linear model and it also proved that linear 
model has a significant lack of fit (LOF). Therefore, the 
quadratic model was chosen in order to develop the CCD 
model. 

Table3. Fit and Summary test of the second order CCD model 


Sequential Model Sum of Squares 







0 13703 | 3 0062343052255) 0 6805 
Quadmtic 0 830962 à 
Cubic 0 


Residual 0.004651 
Total 13 14308 


The second order surface roughness model (coded form) is 


given as: A 2 
3, =—1.10—0.086x, + 0.02 1x, +0.48x, +0.28% +0.20x3 + 


0.174%, — 0.23%, — O11 T as D 


IV. GENETIC ALGORITHMS 


Genetic algorithms are a family of computational models 
inspired by evolution. These algorithms encode a potential 
solution to a specific problem on a simple chromosome-like 
data structure and apply recombination operators to these 
structures so as to preserve critical information. Genetic 
algorithms are often viewed.as function optimizers, although 
the range of problems to which genetic algorithms have been 
applied is quite broad. An implementation of a genetic 
algorithm begins with a population of (typically random) 
chromosomes. One then evaluates these structures and 
allocates reproductive opportunities in such a way that those 
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‘chromosomes which represent a better solution to the target 
problem are given more chances to “reproduce’’ than those 
chromosomes which are poorer solutions. The “goodness” of 
a solution is typically defined with respect to the current 
population. This particular description of a genetic algorithm 
is intentionally abstract because in some sense, the term 
genetic algorithm has two meanings. In a broader usage of the 
term, a genetic algorithm is any population-based model that 
uses selection and recombination operators to generate new 
sample points in a search space. 


A. Optimization problem formulations: 


The objective of the optimization is to achieve minimum 
surface roughness by adjusting the cutting condition with the 
help of numerical optimization technique. Genetic algorithms 
are search algorithms for optimization, based on the mechanics 
of natural selection and genetics [12]. The optimization 
problem in this study will be solved by coupling the RSM 
surface roughness model with the GA algorithm In the 
solutions of the optimization techniques GA will! begin with a 
set of chromosomes (bit strings) which will be randomly 
generated or selected. 


The entire set of these chromosomes will comprise a 
population. The chromosomes will evolve several iterations or 


generations and will make new generation called offspring - 


using crossover and mutation technique. The chromosomes 
will be evaluated using fitness criteria and the best one will be 
kept and other will be discarded. The optimization will be 
formulated in the standard mathematical format: 


Find: V (cutting speed),a (depth of cut),f (feed) 
Minimum: R, (V,a,f) 


Subject to constrains: R, < R, min(m) 


ic a 2V SV ax ‘ 
~ Zak... 
fa Pe ae) 


In this work, MATLAB 7.0 Toolbox GA was used to develop 
GA program. The GA was written in MATLAB programming 
language selects chromosomes based on objective value and 
level of constraint violation. 


B. Optimization by genetic algorithm 


In this work, MATLAB 7.0 Tool box for GA is used to 
develop the GA program [13]. The critical parameter for GA 
are the size of the population, mutation, generations and all 
their values are listed in Table 4. The developed quadratic 
CCD coded model is used as a fitness function for the GA. The 
GA program written in MATLAB language selects the 
chromosomes based on the objective value and the level of 
constraint violation. 
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Table 4: GA Parameters 






Scaling Funchon 
Function 





Crossover function 


C. Optimization results and discussion: 


By solving the optimization problem, the GA predicts the 
optimum roughness is 0.22 pm for the machining of stainless 
steel SS304. The best optimum conditions leading to minimum 
surface roughness are shown in Table 5. The predicted 
optimum conditions by GA will be further validated with 
physical measurement. The performance of fitness value with 
every generation and the best individuals’ performance are 
shown in.figure 1 in coded form. From the experimental results 
the surface roughness with the optimum cutting parameters as 
predicted by GA shows good agreement. 


Table 5: Best cutting condition found in GA 





Best -1.5115 Mean -1 511 





08 
i © Boniteta 
$ -1 © = bean finesa 
ce 
“14 
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Figure 1: The performance of fitness value with generation 
and the best individual’s performance of variables in coded 
form. 
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V. CONCLUSIONS 

This research paper discussed the development of an 
optimization technique by coupled RSM with GA for 
improving the surface quality of stainless steel (SS304) using 
coated TiN insert. The general conclusions can be summarized 
as follows: 

The two-stage effort of obtaining a surface roughness model 
by surface response methodology, and optimization of this 
model by Genetic Algorithms, has resulted in a fairly useful 
method of obtaining process parameters in order to attain the 
required surface quality. 


The CCD model developed by RSM using Design Expert 
package are able to provide accurately predicted values of 
surface roughness close to actual values found in the 
experiments. The equations are checked for their adequacy 
with a confidence level of 95%. The application of the GA 
approach to obtain optimal machining parameters will be quite 
useful in the production of good quality surface finish. 
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Abstract— This paper presents a new approach to solving the 
short-term unit commitment problem using Genetic Algorithm 
Based Tabu Search Method with Cooling - Banking constraints 
(GATSCB). The objective of this paper is to find the generation 
scheduling such that the total operating cost can be minimized, 
when subjected to a variety of constraints, This also means that it 
is destrable to find the optimal generating unit commitment in the 
power system for the next H hours. A Thermal Power Station in 
India demonstrates the effectiveness of the propesed approach; 
extensive studies have also been performed for different power 
systems consist of 10, 26, 34 generating units. Numerical results 
are shown comparing the cost solutions and computation time 
obtained by using the Genetic Algorithm method and other 
conventional methods like Dynamic Legrangian 
Relaxation and Simulated Annealing and Tabu Search in 
reaching proper unit commitment. 


Key words— Unit Commitment, Genetic Algorithm, Tabu 
Search, Legrangian Relaxation, Dynamic Programming. 


I. INTRODUCTION 

LECTRICITY generating companies and power systems 
the problem of deciding how best to meet the varying 
demand for electricity, which has a daily and weekly cycle. 
The short-term optimization problem is how to schedule 
generation to minimize the total fuel cost or to maximize the 
total profit over a study period of typically a day, subject to a 
large number of constraints that must be satisfied. The daily 
load pattern for a given system may exhibit large differences 
between minimum and maximum demand. Therefore enough 
reliable power generation to meet the peak load demand must 
therefore be synchronized prior to the actual occurrence of the 
load. Thus it is clear that it is not proper and economical to run 
all the units available all the time. Since the load varies 
continuously with time, the optimum condition of units may 
alter during any period. Therefore the problem of determining 
the units of a plant that should operate for a given load is the 


problem of unit commitment. For total number of units of 
higher order, the problems associated with unit commitment 
have generally been difficult to solve because of uncertainty of 
particular aspects of the problem. For instance the availability 
of fuel in precise, load forecast variable costs affected by the 
loading of generator units and the losses caused by reactive 
flows are some of the unpredictable issues. There are other 
problems of inconsistency that affect the overall economic 
operation of the electric power station. In order to reach a 
feasible solution for Unit Commitment Problem (UCP), 
different considerations must be considered. 

TS have the ability to avoid entrapment in local minima. TS 
employ a flexible memory system (in contrast to ‘memory less' 


. systems, such as Simulated Annealing and Genetic Algorithm, 


and rigid memory system such as in branch - and - bound). 
Explicit interest is given to the short - term memory 
constituent of TS, which has provided solutions superior to the 
best obtained with other methods for a variety of problems. 

Research endeavors, therefore, have been focused on; 
efficient, near-optimal UC algorithms, which can be applied to 
large-scale, power systems and have reasonable storage and 
computation time requirements. A survey of existing literature 
[1-21] on the problem reveals that various numerical 
optimization techniques have been employed to approach the 
complicated unit commitment problem. More specifically, 
these are the Dynamic Programming method (DP), the Mixed 
Integer Programming method (MIP), the Lagrangian relaxation 
method (LR), the Branch and Bound method (BB), the Expert 
system (ES), the Fuzzy Theorem method (FT), the Hop Field 
method (H), the Simulated Annealing method (SA), the Tabu 
Search (TS), the Genetic Algorithm (GA), the Artificial Neural 
Network (ANN), and so on. The major limitations of the 
numerical techniques are the problem dimensions, large 
computational time and complexity in programming. 

The DP method [1-2], [13] is flexible but the disadvantage 
is the “curse of dimensionality”, which results it may leads to 
more mathematical complexity and increase in computation 
time if the constraints are taken in to consideration. The MIP 
methods [3-4] for solving the unit commitment problems fan 
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when the number of units increases because they require a 
large memory and suffer from great computational delay. The 
LR approach [5-8], [20] to solve the short-term UC Problems 
was found that it provides faster solution but it will fail to 
obtaining solution feasibility and solution quality ‘problems 
and becomes complex if the number of units increased. The 
BB method [9] employs a linear function to represent fuel cost 
and start-up cost and obtains a lower and upper bounds. The 
difficulty of this method is the exponential growth in the 
execution time for systems of a practical size. An ES algorithm 
[10], [13] rectifies the complexity in calculations and saving in 
computation time. But it will face the problem if the new 
schedule is differing from schedule in database. In the FT 
method [11], [13] using fuzzy set solves the forecasted load 
schedules error but it will also suffer from complexity. The H 
neural network technique [12] considers more constraints but 
it may suffer from numerical convergence due to its training 
process. SA [14], [21] is a powerful, general-purpose 
stochastic optimization technique, which can theoretically 
converge asymptotically to a global optimum solution with 
probability one. But it will take much time to reach the near- 
global minimum. The TS [15-16], [21] is an iterative 
improvement procedure that starts from some initial feasible 
solution and attempts to determine a better solution in the 
manner of a greatest — decent algorithm. However, TS is 
characterized by an ability to escape local optima by using a 
short-term memory of recent solutions. GA [13], [17-21] is a 
general-purpose stochastic and parallel search method based 
on the mechanics of natural selection and natural genetics. It is 
a search method to have potential of obtaining near-global 
minimum. And it has the capability to obtain the accurate 
results within short time and the constraints are included 
easily. The ANN [12] has the advantages of giving good 
solution quality and rapid convergence. And this method can 
accommodate more complicated unit-wise constraints and are 
claimed for numerical convergence and solution quality 
problems. The solution processing in each method is very 
unique. 

From the literature review, it has been observed that there 
exists a neéd for evolving simple and effective methods, for 
obtaining an optimal solution for the UCP. Hence, in this 
paper, an attempt has been made to couple GA with TS for 
meeting these requirements of the UCP, which eliminates the 
above-mentioned drawbacks. The GA combines good solution 
quality for TS with rapid convergence for GA. The GA Based 
TS (GATS) is used to implement and locate optimal or near- 
optimal solutions to typical optimization problems such as 
UCP. By doing so, it can help to find the optimum solution 
rapidly and efficiently. However they take long time to finally 
reach the global solution. Many advanced operators are 
proposed to reduce the search time to acceptable values. But 
these sophisticated operators are problem specific and 
sensitive to the problem parameters. Hence, local search and 
hybrid combinations of different methods have been proposed 
to obtain a robust optimization method. The application on the 


Utility System (US) in India and IEEE 10, 26, 34 unit test 
system shows that we can find the optimal solution effectively 
and these results are compared with the conventional methods. 


I. PROBLEM FORMULATION 


_ The objective is to find the generation scheduling such that 
the total operating cost can be minimized, when subjected to a 
variety of constraints [24]. The major component of the 
operating cost, for thermal and nuclear units, is the power 
production cost of the committed units and this is given in a 
quadratic form in (1). 

F,(P,)= A,P7u + B,P, +C, Rs/hr (1) 
Where 

A,, B, G ~ the cost function parameters of unit i (Rs/MW’hr, 
Rs./MWhr, Rs/hr) 

F ,(P n ) ~ production cost of unit i at a time t (Rs/hr) 

P „~ output power from unit i at time t (MW) 

The start up cost depends upon the down time of the anit, 
which can vary from a maximum value, when the unit i is 
started from cold state, to a much smaller value, if the unit i 
has been turned off recently. The start up cost calculation 
depends upon the treatment method for the thermal unit during 
down time periods. The start-up cost Sy, is a function of the 
down time of unit i as in (2). 


Sı =Sall—D,expCToff/Tdown)|+E, Rs = (2) 


Where 

So, ~ unit i cold start — up cést (Rs) 

D,, E, ~ start — up cost coefficients for unit i 

The overall objective function of the UCP is in (3). 


T N- 
F, =X Y (E, (PU, + SV) Rsihr > (3) 
tel rl 


Where 


“U, ~ unit i status at hour t = 1 (if unit is ON) = 0 (if unit is 


Vix ~ unit i start up / shut down status at hour t = 1 if the unit is 
started at hour t = 0 otherwise. 

Fr ~ total operating cost over the schedule horizon (Rs/Hr) 

S, ~ start up cost of unit i at hour t (Rs) 


A, Constraints 

Depending on the nature of the power system under study, the 
UCP is subject to many constraints, the main being the load 
balance constraints and the spinning reserve constraints. The 
other constraints include the thermal constraints, fuel 
constraints, security constraints etc. [24] 


1)Load Balance Constraints 
The real power generated must be sufficient enough to meet 
the load demand and must satisfy the following factors in (4). 


(4) 


PD ,~ system peak demand at hour t (MW) 
N ~ number of available generating units 
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U(0,1) ~ the uniform distribution with parameters 0 and 1 
UD(a,b) ~ the discrete uniform distribution with parameters a 
and b 

2) Spinning Reserve Constraints 

The spinning reserve is the total amount of real power 
generation available from all synchronized units minus the 
present load plus the losses. The reserve is considered to 
be a pre specified amount or a given percentage of the 
forecasted peak demand. It must be sufficient enough to meet 
the loss of the most heavily loaded unit in the system. This has 
to satisfy the equation in (5). 


N 
Y Pmax, U, >=(PD,+R,);1StsT (5) 
i=l 

Where 

Pmax, ~ Maximum generation limit of unit i 

R: ~ spinning reserve at time t (MW) 

T ~ scheduled time horizon (24 hrs.) 

3) Thermal Constraints , 

The temperature and pressure of the thermal units vary very 
gradually and the units must be synchronized before they are 
brought online. A time period of even 1 hour is considered as 
the minimum down time of the units. There are certain factors, 
which govern the thermal constraints, like minimum up time, 
minimum down time and crew constraints. 


a)Minimum up time: 

If the units have already been shut down, there will be a 
minimum time before they can be restarted and the constraint 
> is in (6). 
Ton, 2 Tup, 
Where 


Ton, ~ duration for which unit i is continuously ON (Hr) 
Tup ; ~ unit i minimum up time (Hr) 


(6) 


b)Minimum down time: 


If all the units are running already, they cannot be shut down 
simultaneously and the constraint is in (7). 


Toff, 2 Tdown, 


Where 

T down , ~ unit i minimum down time (Hr) 

T off ,~ duration for which unit i is continuously OFF (Hr) 

4) Must Run Units 

Generally in a power system, some of the units are given a 
must run status in order to provide voltage support for the 
network. 


(7) 


Il. TABU SEARCH 


A. Overview 

To solve the UCP, two types of variables require being 
determined. The unit’s status variables U and V, which are 
integer variables and the units, output power variables P that 
are continuous variables. The problem can then be 


decomposed into two sub problems, a combinatorial problem 

in U and V and a non-linear optimization problem in P, TS are 

used to solve the combinatorial optimization and the non- 

linear optimization is solved via a quadratic programming 

routine [15]. The proposed algorithm contains three major 

steps: 

> First, generating randomly feasible trail solutions 

> Second, calculating the objective function of the given 
solution by solving the EDP. 

> Third, applying the TS procedures to accept or reject the 
solution in hand. 


B. Tabu Search General Algorithm 


Step(0): Assume that the fuel costs to be fixed for each hour 
and all the generators share the loads equally. 

Step(1): By optimum allocation find the initial feasible 
solution (U, V3. ' 

Step(2): Demand is taken as the control parameter. 

Step(3): Generate the trial solution. 

Step(4): Calculate the total operating cost, F, as the 
summation of running cost and Start up — shut 
down cost. 

Step(5): Tabulate the fuel cost for each unit for every hour. 


TV. GENETIC ALGORITHM 


A. Introduction 


The GA is essentially a search- algorithm based on the 
mechanics of natural selection and natural genetics. It 
combines solution evaluation with randomized, structured 
exchanges of information between solutions to obtain 
optimality. GA is a robust approach because no restrictions on 
the solution space are made during the search process. The 
power of this algorithm comes from its ability to exploit 
historical information structures from previous solution 
guesses in an attempt to increase performance of future 
solution structures [22-23]. 

By simulating “the survival of the fittest’ criterion of 
Darwinian evaluation among chromosome structures, the 
optimal solution is searched by randomized information 
exchange. While randomized, GA is not a simple random 
walk. It effectively exploits historical information to speculate 
on new search points with expected improved performance, In 
every generation, a new set of artificial chromosomes is 
created using bits:and pieces of the fittest of the old ones. The 
three prime operators associated with the GA are reproduction, 
crossover and mutation [22-23]. 


B, Unit Commitment Using GA 


1. Initial binary coded solutions are produced at random to 
form the initial population. 

2. Calculate the total power production cost of the committed 
units as given in (1) by solving the EDP. 

3. Calculate and scale the fitness function and assigned to the 
initial population as given in (2). 

4. Check the convergence criterion is satisfied. If yes go to 
stop. Otherwise, go to next step. 

5. Copy the best solution of every generation. 
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6. Create the offspring with the application of rules for 
generating randomly feasible solutions by means of the 
crossover and mutation operations. 


V.GA BASED TS ALGORITHM 


In the TS technique for solving UCP, Initial Operating 
Schedule status in terms of maximum real power generation of 
each unit is given as input. As we know that TS is used to 
improve any given status by avoiding entrapment in local 
minima, the offspring obtained from the GA algorithm is given 
as input to TS and the refined status is obtained. And in this 
method, no advanced operators are required. 


Step(1): Get the demand for 24 hours and no. of iterations to 
be carried out. 

Step(2): Generate population of parents (N) by adjusting the 
existing solution to the given demand to the form of 
state variables. 

Step(3): Unit down time makes a random recommitment. 

Step(4): Check for constraint in the new schedule. 

Step(5): Perform ELD and calculate the total production cost 
for each parent, 

Step(6): Has iteration count reached? If yes go to Step (10) 
else go to step (7). 

Step(7): Using the basic GA generates new population. 

Step(8): Improve the status of the new population and update 
it by TS algorithm. 

Step(9): Select the best N number of population for next 
iteration. 

Step(10): Stop if stopping criterion is satisfied. Otherwise go ` 
to Step(5). 

Step(11): For the units, which are in the off states, calculate 
the cost for both cooling and banking. 


Step(12): Compare the cooling and banking costs, if banking 
cost is lesser than cooling, bank the unit. 
Step(13): Print the optimum schedule. 


VI. SIMULATION RESULTS 


A US in India with seven generating units, each with a 
capacity of 210MW, has been considered as a case study. A 
time period of 24 hours is considered; the unit commitment 
problem is solved for these seven units and also compared 
with IEEE 10, 26, and 34 generating unit power systems. The 
required inputs for solving the UCP are briefed here. 


TABLE I 
DAILY GENERATION OF SEVEN UNITS IN MW 


5 
8 


2 757 a o 109 1090 147 130 moO 
a 773 a o 100 aus 150 150 wo 
4 773 oo o 100 na 130 150 wa 
3 770 6 0 100 110 Lo 150 20 
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? 751 a o ioa 100 147 1530 200 
. 7. a o 100 nas oe 150 mo 
* 770 s o 100 80 150 i150 mo 
w 764 ea o too 104 150 130 20 
m 58 a o kad 97 142 o NA 
rm 2S a a 100 kad pe o mo 
ta 343 Q a 100 sad 146 GJ xo 
bin A o o bad 97 142 o 20 
1s a> o o 100 ksd 139 o mo 
i Cad o 0 v 116 130 o mo 
a? 40 o o a 103 143 o wo 
bod 39 9 o a 97 142 9 ma 
» “66 o G o tis 150 e 26 
= 463 9 a o t3 130 8 moO 
n 460 o a a 110 130 o 200 
= a4 0 o o bs] 139 o mo 
1 530 a a o 120 130 o 200 
Enl o w 2 100 101 449 150 200 





TABLE I 
DAILY GENERATION OF 10,26,34 UNIT TEST SYSTEM 


D Tunt M Umt 


UnnBessKErUDEE Swaen nun f 
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TABLE M 
GENERATION SYSTEM OPERATION DATA 
Det ty gS "ihe ; 
1 13 w 73 ' 70 ars $3 0 
2 n Kasl 120 7 ois 3050 as 10 
3 x 100 D00 70 ols T as 10 
4 a 120 1600 70 om go ms p 
3 x2 130 1450 v3 0106 3650 2 . 
$ x 139 ox s 9o73 14100 ws a3 
7 7 200 a CJ Qo 2113350 n 22. 


The total number of generating units, the maximum real 
power generation of each unit and the cost function parameters 
of each unit are tabulated for a day, respectively, as shown in 
Table I for US and Table III for US. The daily load data of 10, 
26, 34 unit test systems are shown in Table II. The status of 
unit i at time t and the start-up / shut - down status obtained are 
the necessary solutions and are obtained for SA, TS, GA, 
GATS, DP, LR methods for US. The comparison of the total 
costs and Central Processing unit (CPU) time is shown in 
Table IV for US, 10, 26, and 34 generating unit power 
systems. “Fig. 4” represents the convergence of the proposed 
GATS method for different generations. “Fig. 5” gives the plot 
of optimal solution for various mutation rates. 


TABLE IV 


COMPARISONS OF COST AND CPU TIME FOR UTILITY, 10, 26, 34 SYSTEMS 
i Riede] fea a) SEM Thee hel 
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Fig. 4. Convergence of the GATS algorithm 
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Fig. 5. Optimal solution for various mutation rate 

The proposed GATSCB approach was compared to the 
related methods in the references indented to serve this 
purpose, such as the DP and LR with a zoom feature, the SA, 
TS and the GA approaches. And with the use of Tabu Search 
method, the status is improved by avoiding the entrapment in 
local minima. By means of stochastically searching multiple 
points at one time and considering trail solutions of successive 
generations, the GATSCB approach avoids entrapping in local 
optimum solutions. Also, disadvantages of huge memory size 
required by the SA method are eliminated. Moreover, 
intellectual schemes of encoding and decoding entailed by the 
GA approach are not needed in the proposed GATSCB 
approach. The problem of power unbalance previously 
existing in the solution of GA is circumvented as well in this 
paper. The main limitation in the implementation of the GA 
model is that the performance of the system mainly depends on 
the selection of genetic parameters and these vary from system 
to system. In comparison with the results produced by the 
referenced techniques, the GATSCB method obviously 
displays a satisfactory performance with respect to the quality 
of its evolved solutions and to its computational requirements. 
From these results, the GATSCB method had lesser total cost 
and took lesser CPU time in all the = poms systems considered 
including US. 


VII. CONCLUSION 


In this proposed method to the unit commitment problem 
the essential process simulated in the procedure are mutation, 
competition, and selection. The mutation rate is computed as a 
function of the ratio of the total cost by the schedule of interest 
to the cost of the best schedule in the current population. The 
best solutions to form the basis of the subsequent generation 
are selected from among the parents and the offspring in the 
current population. In this proposed work, the parents are 
obtained from a pre-defined set of solution’s ie. each and 
every solution is obtained from the Tabu Search method. 
Then, a random recommitment is carried out with respect to 
the unit’s minimum down times. 

In comparison with the results produced b the referenced 
techniques (Genetic Algorithm, Dynamic Programming, 
Legrangian Relaxation, Simulated Annealing and Tabu 
Search), the GATSCB method obviously displays a 
satisfactory performance. There is no obvious limitation on 
the size of the problem that must be addressed, for its data 
structure is such that the search space is reduced to a 
minimum; No relaxation of constraints is required; instead, 
populations of feasible solutions are produced at each 
generation and throughout the process. 
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Abstract—Deciston-making features occur in all fields of human 
activities such as scientific and technological and affect every 
sphere of life. Active filter design and modeling using genetic 
algorithms for aiding the optimization process is the main idea of 
this work. The strength of genetic algorithm when combined with 
a workable method of optimization has been discussed here. The 
principles, strengths, and weaknesses of Genetic Algorithm’s 
applied to sizing circuit parameters to meet performance 
specifications are discussed and a software implementation is 
introduced. Using this, we can design any kind of filter (HPF & 
LPF). We have also incorporated the code for generation of Band 
Pass and Band Stop filters. But as theses filters are more complex 
te design so ta get the best output we need to increase the 
population size as well as the maximum generation size 


Key words— Band pass, band stop, high pass, low pass filter 
design and modeling, Genetic Algorithm (GA). 


I. INTRODUCTION 

[= past several years have witnessed a sharp increase in 

work with reconfigurable hardware systems. 
Reconfigurability is essential in a general-purpose GA engine 
because certain GA modules require changeability (e.g. the 
function to be optimized by the GA). Thus a hardware-based 
GA is both feasible and desirable. The use of reconfigurable 
hardware for the design of GA was seen in projects. In 
Stephan Scott’s behavioral-level implementation of a GA, [1] 
the targeted application was optimization of an input function. 
In some GA it was designed and implemented on a PLD, using 
Altera hardware description language (AHDL). In some, a 
number of GAs were designed and implemented in a text 
compression chip. In another case, the GA was implemented in 
hardware on a Splash 2 reconfigurable computer. The problem 
selected for implementation is the famous Traveling Salesman 
Problem (TSP). 


Splash2 consisted of an interface board and a collection of 
processor array boards. Its basic unit of computation was the 
processor, which consisted of four Xilinx 4010 FPGA’s [2] 
and associated memories. The performance differences 
between Hardware [3] and Software versions of Genetic 
Algorithm in solving Travelling Salesman Problem (TSP) [7] 
were further analyzed by Paul Graham and Brent Nelson in 


their thesis. The new Xilinx XC6216 was also used to 
accelerate the GA performance in those cases. It was used to 
accelerate the most time-consuming fitness task of GA by 
embodying each individual of evolving population into 
hardware. The memory bottleneck is inevitable since GA 
requires a large memory to store the population As a result, 
high-speed memory may be used making the hardware 
expensive or low-cost memory reducing performance. 
Therefore, in contrast to the Simple GA, the Compact GA [5] 
[6] [8] was more suitable for hardware implementation. In the 
current work, all the research done in hardware 
implementation of GA is combined to create a system which 
attempts to achieve significant speedup over software GA due 
to pipelining and parallelization. It also attempts to minimize 
the logic resources used within FPGA [4] [9]. 


SCAM (Symbolic Circuit Analysis in MATLAB) is used 
here. But the SCAM program cannot simply read a schematic 
diagram so we need to develop a method for representing a 
circuit textually. This can be done using a device called a 
netlist that defines the interconnection between circuit 
elements similar to SPICE [10] (Simulation Program with 
Integrated Circuit Emphasis). Thus we take our results and use 
them in MATLAB?® for other calculations. This is especially 
true when working with transfer functions. Obtained on 
applying the genetic algorithm , 


I. WORKING 

The working step of the algorithm devised is started with the 
initial inputs about the frequency and gain specification to be 
achieved. This is followed by specification of parameters for 
running the first generation genetic algorithm (GA-I). This. 
GA-I is run to optimize the circuit topology. Thereby the 
transfer function after simulating the best circuit topology is 
obtained. After obtaining the transfer function the second 
generation algorithm (GA-I]) is executed to optimize the 
component values of the circuit simulated. The best ‘fit 
component is taken and frequency response of the circuit is 
deduced and plotted. l 
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For the first generation genetic algorithm or GACI, a circuit 
is randomly generated, it is than checked weather it is valid or 
not. If it is not again one circuit topology is randomly 
generated till it is valid. After getting the valid circuit topology 
it is added with the initial population. Then the initial 
population is counted if it is not equal to twenty one more 
valid circuit topology is generated and added with the initial 
population till it is twenty. These twenty circuit topologies 
make the present generation. From this generation we find out 
the scores of each circuit topologies. After that it is checked 
whether any termination condition has occurred or not. The 
three termination conditions used in our algorithm: 

1. minimum score value = 0 
2. minimum score remain same for last consecutive five 
3. total number of generation = 10 


If the termination condition has occurred the algorithm 
returns the best circuit in the present population and it is 
stopped. If termination condition does not occur, two circuits 
having least score are taken out and stored in the next 
generation we call them as elite kids. Next using roulette 
selection we chose 28 parents from the present population and 
create crossover kids from them. To make our generation with 
20 kids we required more 4 kids and we get this through 
mutation. After that we combine the crossover kids, mutated 
kids and elite kids to form the next generation. Now this 
becomes our present generation and it goes till the 100. 


To find the score we firstly take the bit pattern that we have 
achieved and then decode it. Then the circuit configuration is 
written on a file. After that scam function is called it simulate 
the circuit. Next we find the transfer function of the circuit. 
After that we find the frequency response of the circuit from 
Q.lrad/sec to 10rad/sec at regular interval of 0.1rad/sec. next 
we find the absolute value of the error between the desired and 
actual frequency response. Then the difference is taken as 
error which we have termed as score and it is returned and it is 
stopped : 


To find the crossover kids, the two best parents are taken 
according to least score. Then randomly the crossover point is 
chosen. Then the two parents are combined on the basis of 
crossover point. Then the kids are checked for validity. If they 
are not valid then again a randomly generated crossover point 
is selected and combined till it is valid. In this way 14 
crossover kids are returned and are generated. 


To find the mutated kids, one parent is taken according to 
least score. Then randomly the mutation point is chosen with a 
probability less than 0.01.The bits are altered at mutated 
points. Then the kids are checked for validity. If they are not 
valid then again a randomly generated mutated point is 
selected and bits are altered till it is valid. In this way 4 
mutated kids are returned and are generated 


To optimize the” component values, after the first 


optimization we got a circuit topology which had a frequency 
response nearest to our desired response. In this optimization 
we take the previous circuit and use the genetic algorithm to 
optimize the component values such that the error is further 
reduced. This GA runs with the following parameters. 

1. minimum score value = 0 

2. minimum score remain same for last 

consecutive fifty 
3. total number of generation = 100 


The only differences between this and the previous 
optimization are that, the type of encoding used previously was 
bit string, but in the present one it is double vector and here 
after the creation of the next generation kids we do not need to 
validate the circuit. 


I. RESULTS 


For the high pass filter if we are interested in Fc=700 Hz, 
pass band gain between 0.9 to 1.1 and stop band gain of 0 to 
0.5. For this we feed our software with the following inputs as 


in figure 1 
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Figure 1; Inputs for High Pass Filter Design 

The algorithm runs for around 30mins. During this time it 
performed two genetic optimizations. The first one was for 
optimizing the circuit topology. This optimization was 
performed with a population size of 20 and maximum 


generation of 10. The second optimization was to optimize the 
circuit component values and number of components. These 
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we get in figure 2 based on which we have the circuit of figure 
3. This optimization was performed with a population size of 
50 and maximum generation of 100. 


The graph obtained after using our algorithm and the graph 
obtained by simulating AIM SPICE will show the comparison 
and how effectively our algorithm worked. The graphs obtain 
by using two processes are shown in figures 4 and 5 for the 
High Pass filter. 


Thus we were able to design a high pass ‘filter with desired 
specifications using genetic algorithm. The performance of the 
-algorithm could be increased by increasing the population 
limit as well as the maximum generation limit 
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Figure 3: Cireult detalls of High Paas Filter afier optimization 
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Figure 3; Circuit Diagram of the High Pass Filter optimized 
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Now if we are interested in designing a Low pass filter with 
the parameters Fc=1700 Hz, pass band gain of 0.9 tol.1 and 
stop band gain of 0 to 0.15. For this we feed our software with 
the following inputs as shown in figure 6. 
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The algorithm ran for around 35 minutes. During this time it 
performed two genetic optimizations. The first one was for 
optimizing the circuit topology. This optimization was 
performed with a population size of 20 and maximum 
generation of 10. The second optimization was to optimize the 
circuit component values and number of components. These 
we get in figure 7 based on which we have the circuit of figure 
8. This optimization was performed with a population size of 
50 and maximum generation of 100. ’ 


The graph obtained after using our algorithm and the graph 
obtained by simulating AIM SPICE will show the comparison 
and how effectively our algorithm worked. The graphs obtain 
by using two processes are shown in figures 9 and 10 for the 
Low Pass filter. 
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+C1 = 0,43203 Nicro Farads 
C2 = 1.0679 Ħioro Farads 
L2 = 1,0114 Milt Henry 
LS = 1.3233 Mili Renry 
,b6 = 1.9419 Nili Benry 
‘RL = 0.39645 Kilo obs 

R2 = 1.4091 Kilo ohms 

R3 = 0.67172 Kilo okma 
R4 = 0.03019 Kilo ohms 


RS = 1,8113 Kilo ohms 
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Figure 8; Circuit Diagram of the Low Pass Filter optimized 

















Figure 10; Low pass filter response using AIM SPICE 


TV. CONCLUSION AND DISCUSSION 

Using these algorithms we can design any kind of high and 
low pass filters and have also incorporated the code for 
generation of band pass and stop filters. But for the more 
complex designs, to get the best output we need to increase the 
population size as well as the maximum generation size. 
Compared to normal design time taken, this type circuit 
generation takes lesser time. This method of generation of 
Active Filters can also be used to find many new dimensions in 
the field of Filter Design. 


Genetic Algorithms are a powerful algorithmic paradigm 
for evolutionary computing. Future work involves using more 
efficient ways to combine a local search heuristic with GA to 
produce high quality solutions in less time, especially for the 
circuit placement problem. . 

Here in our algorithm we are using two separate 
optimizations, one for circuit topology and the other for 
component values and number of components. For future work 
we can think or building a hybrid algorithm. There we can use 
nested genetic optimizations. In the nested optimization 
algorithm we can implement the second optimization inside 
the first optimizations. It means that during the circuit 
topology optimization the component values are also 
optimized. This can be handled by a more advanced side of 
Genetic Algorithm which is known as MULTIPLE 
OBJECTIVE GENETIC ALGORITHM (MOGA) 
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Abstract— In this paper, the application of thyristor controlled 
series capacitor (TCSC) in damping power system oscillation is 
investigated. Analysis is carried out considering independent 
operation of TCSC equipped with conventional lead-lag 
controller and proportional-integral-derivative (P-I-D) controller. 
A genetic algorithm (GA) based method is proposed to tume the 
parameters of conventional phase lead-lag power system 
stabilizer (CPSS) and TCSC controllers. It also ensures that for 
any operating condition within a pre-specified domain, the system 
remains stable when subjected to a small disturbance. A 
quadratic performance index is considered to measure the quality 
of system dynamic performances within the tuning process. The 
_solution thus obtained is robust. Dynamic performances 
considering conventional phase lead-lag power system stabilizer 
(CPSS) and TCSC are compared. Analysis reveals that 
independent operation of TCSC equipped with P-I-D controller 
improves the dynamic performances significantly as compared to 
that of conventional power system stabilizer 
Key words— Power system stabilizer; TCSC; Genetic 
algorithm. ; 


I. INTRODUCTION 


| OW frequency oscillations are very common phenomenon 
en large power systems are interconnected by relatively 


weak tie-lines. These oscillations may sustain and grow to . 


cause system separation due to inadequate damping of 
electromechanical modes. Several approaches have been 
reported in the literature to provide the damping torque 
required for damping machine oscillations. DeMello and 
Concordia [1] proposed the concept of synchronous machine 
stability as affected by a lead-lag compensator usually called 
power system stabilizer (PSS), for damping the machine 
oscillations. Although PSSs provide supplementary feedback 
stabilizing signals in the excitation systems and enhance the 
dynamic stability of power system by increasing the system 
damping of low frequency oscillations associated with the 
electromechanical mode but they are liable to cause a great 
variation in the voltage profile and may even result in leading 
power factor operation under severe disturbance condition [2]. 
Many researchers have made significant contribution in 
conventional lead-lag PSS design [3-7]. Recently many 
approaches based on optimal control, variable structure control 


and intelligent control have been proposed for PSS design [8- 
11]. The recent advances in power electronics have led to the 
development of the flexible alternating current transmission 
systems (FACTS). One of the promising FACTS devices is 
thyristor controlled series capacitor (TCSC) and has found 
application in improving power system stability [12-20]. 

In the present work, a comprehensive assessment of the 
effects of the excitation and TCSC control when applied 
independently is carried out. The controller design problem is 
formulated as an optimization problem with the aim of getting 
the optimal or near optimal settings of the controller 
parameters. Two types of control schemes for TCSC are 
proposed for single machine infinite bus (SMIB) power 
system. 





Fig. 1. Single machine infinite bus (SMIB) power system equipped with 
TCSC. 


A special case of practical power system is that of a 
generator or a group of generators sending power through a 
transmission line to a much bigger power network, which can 
be represented by the model of the SMIB system. Studying the 
simplest power system model is always important because it 
can often provide insight into the problem which can help the 
study of more complex power system. Fig.1 shows a SMIB 
power system with TCSC. Parameters of this system are given 
in Appendix. 

The operating condition for SMIB system is completely 
defined by the values of the real power, P and the reactive 
power, Q, at the generator terminal. P and Q are assumed to 
vary over the following ranges [21]: 


04SPS1.2; -02<5Q506; 
This encompasses almost all practically occurring 
operating conditions. 
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Il! STRUCTURE OF CPSS 


The typical structure of a conventional PSS consists of a 
gain, a washout unit, phase compensation units and an output 
limiter which is shown in Fig. 2 [2]. The washout unit is used 
to avoid steady changes of the input signal modifying the 
terminal voltage. 


Aw ST, 
(HST) 


Fig. 2 Conventional power system stabilizer 





To provide pure damping, the CPSS should have appropriate 
phase-lead characteristics to compensate the phase-lag 
between the generator exciter input and electrical output 
torque. Two lead-lag blocks are used in this paper although the 
number and characteristics of phase compensation units could 
be modified according to the design requirements. 

The gain and time constants of the phase compensation 
units therefore need to be determined such that the system 
should give good dynamic performances. In order to restrict 
the level of the generator terminal voltage fluctuation during 
transient conditions, limits are imposed on power system 
stabilizer output. To ensure maximum contribution of the 
stabilizer, use of relatively large positive limits, i. e., 0.1 pu to 
0.2 pu and negative limits of -0.05 pu to -0.1 pu is reported 
{2}. In the present work maximum positive and negative limits 
are considered as 0.2 pu and —0.1 pu respectively. 


IV STRUCTURE OF TCSC CONTROLLER 





Fig-4: Block diagram of TCSC equipped with P-I-D Controller , 


Fig3 shows TCSC with conventional phase lead-lag 
controller. Fig. 4 shows the TCSC with P-I-D controller. The 


best location of the TCSC is at the generator terminal as it 
gives the greatest change of electrical distance between the 
generator and the disturbance point [11]. Hence the speed 
deviation Aq is available and used as the input signal to both 
PSS and TCSC controller. This makes the proposed 
controllers easy for implementation. In these figures AD rer is 
the reference angle and Kc and Tc are the gain and time 
constant of TCPS. 


VI OBJECTIVE FUNCTION 


Scalar integral performance indices have proved to be the 
most meaningful and convenient measures of dynamic 
performances [22,23]. Penalizing only the speed excursions, 
an objective function based on the integral squared error (ISE) . 
criterion is considered in this study and is given by |. 


J=((Ao)dt (1) 
0 


This objective function has a characteristic in that a large 
initial error is weighted heavily and errors occurring late in the 
transient response are penalized lightly. J measures the 
performance of the CPSS and controllers of TCSC; 
particularly with respect to system damping for a set of 
parameter settings and operating conditions (P, Q). 

In order to introduce a degree of robustness to the CPSS 
over a wide operating region, a new measure of performance, 
the average performance index J,,, that quantifies the mean 
performance of a particular CPSS or controllers of TCSC 
settings over the whole operating horizon, is introduced. Thus, 
if Ne is the number of operating points in the domain D, we 
have, 


laS jAi VPQeED @ 
Nog PQ o 
The above performance criterion is implemented within 


the genetic search process, for obtaining the globally optimal 


_ parameter settings of the CPSS and controllers of TCSC. For 


the purpose of this study, operating domain 
D {De P= [04, 1.2] and Q= [-0.2, 0.6] inpu} with a 


step size of 0.05 pu is considered in each case. Therefore total 
number of operating point is 256 in P-Q plane. 


VI GENETIC ALGORITHM 


Genetic algorithms (GAs), a way to randomly search for 
the best answer to tough problems were first suggested by John 
Holland in his book in Natural and Artificial systems [24]. 
Over the last few years, it is becoming important to solve a 
wide range of search, optimization and machine learning 
problems. Here genetic algorithm is used to optimize the 
objective function and hence to design the gain Ks and time 
constants (i.e. Ty, T;, T2, T3 and T4). Constraints are also 
imposed on these parameters. 

Different population sizes (40,50,60,70 & 80), were 
considered and it has been observed that the population size of 
60 were satisfactory. After selecting the population size, the 
effect of mutation and crossover probabilities were examined. 
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Different combination of mutation probabilities 
(0.0001,0.001,0.005 & 0.01) and the crossover probabilities 
(0.6,0.8,0.9&1.0) were tested and it was found that P, = 1.0 
and P,, = 0.005 give the best performance for all the operating 
conditions. It is worth mentioning here that the bit size (gene 
length) of each variable is 10(i-e., A=10). 


VII OPTIMUM PARAMETERS 


To investigate the ability of CPSS and TCSC controller to 
damp out the low frequency oscillations associated with the 
electromechanical mode, three different control schemes are 
examined. 


(a) Optimum parameters of CPSS 


In this case, five unknown parameters are optimized. 
These parameters are Kspss, Tipss;l2pss, T3pss and Tapss. Value 
of Twpss is pre-specified and is taken as Twpss = 10 seconds. 
Optimum values of these parameters are tabulated in Table-1. 





Tisa | Tass 
Pasar ose [oms [ose [oos | 10 


(b) Optimum Parameters of Lead-Lag Controller of TCSC 


In this case, five unknown PALATES are optimized. 
Optimum valies of Ksresc, Titesc, Tarese: Tones and Terese 
are given in Table-2, 


Table-2: Optimum gain and parameters of the Lead-Lag Coatrolfer for TCSC 





Parameters of Lead-Lag Controller of TCSC 


| 2.652 | 0.639 | 0.018 | 0.347 | 0.024 | 





(c) Optimum Parameters of P-I-D Controller of TCSC 


In this case, proportional (Kpresc), integral (Krrcsc) and 
derivative (Kprcsc) gains of P-I-D controller are optimized. 
Value of Twresc is pre-specified and is taken as Twrcsc = 10 
seconds, The optimum values of these gains are given in 
Table-3. 


Table-3: Optimum pain settings of the P-I-D controller for TCSC 
Gains of P-I-D Controller of TCSC 


[23.50 _ | 0.040 | 294 | 10 | 


IX DYNAMIC RESPONSES 













Fig.5 shows the comparison of dynamic responses for P = 
0.9 pu and Q = 0.5 pu considering CPSS and TCSC equipped 
with lead-lag controller. From Fig.5, it is observed that TCSC 
‘equipped with lead-lag controller gives better dynamic 
performances in terms of settling time as compared to that of 
CPSS. However, peak deviation is slightly more considering 
TCSC equipped with lead-lag controller as compared to that of 
cess. ` S g 


Fig.6 shows the comparison of dynamic responses for P = 
0.9 pu and Q = 0.5 pu considering CPSS and TCSC equipped 
with P-I-D controller. From Fig.6, it is seen that TCSC 
equipped with P-I-D controller gives much better dynamic 
performances as compared to that of CPSS. 

Fig.7 shows the comparison of dynamic responses for P = 
0.9 pu and Q = 0.5 pu considering TCSC equipped with P-I-D 
controller and TCSC equipped with lead-lag controller. From 
Fig.7, it is seen that TCSC equipped with P-I-D controller 
gives much better dynamic performances. 








Time(Secs) 


Fig.5: Dynamic responses of SMIB system considering optimum parameter 
settings of TCSC equipped with lead-lag controller & CPSS (ATm = 0.05). 
(-——-CPSS, ———~ TCSC equipped with lead-lag controller) 
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Fig.6: Dynamic responses of SMIB system considering optimum parameter 
settings of TCSC equipped with P-L-D controller & CPSS (ATm = 
0.05). (—--CPSS, ~~ TCSC equipped with P-LD controller) 


"ot 
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Fig.7: Dynamic responses of SMIB system considering optimum parameter 
settings of TCSC equipped with P-I-D controller & TCSC equipped with 
lead-lag Controller (ATm = 0.05). (—TCSC equipped with lead-lag 
controller, ~~ TCSC equipped with P-I-D controller) 


Similar findings were also observed for all other operating 
conditions within the range mentioned in Section-2. Therefore, 
it may be concluded that TCSC equipped with P-I-D' controller 
can be an alternative of the conventional PSS for providing 
much better dynamic responses. 

Fig.8 shows the system responses to a 3-phase transient 
fault of six cycle duration, at the generator terminals 
considering conventional lead-lag power system stabilizer 
(CPSS), TCSC equipped with lead-lag controller and TCSC 
equipped with P-I-D controller. From Fig.8, it is seen that the 
TCSC equipped with P-I-D controller gives better dynamic 
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performances in terms of peak deviation and settling time. 
Similar findings were also observed within the range of 
Operating conditions as mentioned in Section-2. 


X CONCULSIONS 


In this study, dynamic stability analysis for single machine 
infinite bus (SMIB) power system has been carried out 
considering conventional phase lead-lag power system 
stabilizer (CPSS), independent operation of TCSC equipped 
with lead-lag controller and independent operation of TCSC 
equipped with P-I-D controller. Investigations reveal that 
independent operation of TCSC equipped with P-I-D 
controller gives better dynamic performances compared to that 
obtained with CPSS and independent operation of TCSC 
equipped with lead-lag controller. It was found that CPSS, 
independent operation of TCSC equipped with lead-lag 
controller and independent operation of TCSC equipped with 
P-I-D controller do not adversely affect the transient stability 
and damps out the oscillations following fault clearing. 
However, performance of independent operation of TCSC 
equipped with P-I-D controller is much better following fault 


ews Qog 





Time(Secs) 
Fig.8: System responses for a three phase six cycle fault at generator terminal 
considering CPSS, TCSC equipped with (i) Lead-Lag controller (i) P-D 
controller ( ~~~ CPSS,---- TCSC equipped with Lead-Lag Controller, 
——“TCSC equipped with P-LD Controller) 


XI APPENDIX 


The parameters of the system investigated are as given below: 

M = 4.74 pu, D =0,T,, = 5.9 Secs., Ka = 400, Ta = 0.05 
Secs., Kg = -0.17, Tg = 0.95 Secs., Kp = 0,025, Tp = 1.0 
Secs.; xa = 1.70 pu, xi =0.245 pu, xq = 1.64 pu, R=0.02 
pu, X= 0.4 pu, G=0, B =0, f= 50 Hz. 
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Abstract— The ever increasing power distribution demands in 
terms of quality and reliability has led to the employment of 
FACT devices at the distribution end. Converter based FACTS 
controllers prove to be viable alternatives to the Thyristor based 
first generation FACTs controllers. Distribution Static 
Compensator (DSTATCOM) is one such converter based shunt 
controller which has the potential to compensate for reactive 
power and to suppress harmonic distortions as well, due to its 
larger bandwidth. In this paper, an offline genetic algorithm 
(GA) based de loop parameter tuning technique is applied to a 
DSTATCOM used for reactive power compensation and 
harmonic suppression for linear and nonlinear loads .The 
optimization of parameters is carried out relative to the 
performance index. Optimization by hit and trial and by genetic 
algorithms is compared for a defined system. The DSTATCOM is 
simulated using MATLAB/Power System Blockset and the DC 
Loop Controller is optimized using GAOT toolbox for MATLAB. 


Key words— AC/DC bus voltage regulation, DC loop controller 
DTATCOM, Genetic Algorithms, Integral Square Error. 


L INTRODUCTION 


EACTIVE power compensation is an important aspect in 

the control of distribution systems. Reactive current in 
addition to increasing the distmbution system losses, 
introduces various power quality problems like, harmonics, 
voltage sag, swell and poor load power factor. A Distribution 
Static Compensator (DSTATCOM) proves to be a viable 
solution for the mitigation of power quality problems [1-2]. A 
DSTATCOM is basically a voltage source converter based 
FACTs controller sharing many similar concepts to that of a 


STATCOM used at the transmission level [3]. The difference 
being that the STATCOM handles only fundamental reactive 
power and provides voltage support while as a DSTATCOM 
is employed at the distribution level for effective load 
compensation. The paper presents modeling and simulation of 
a DSTATCOM for power quality improvement. The modeling 
is based on synchronous reference frame which decomposes 
the system into d- axis and q-axis coordinates, and then 
applying small signal disturbances, which helps in simplifying 
the controller design [4]. The DSTATCOM performance is 
based on decoupled current control where it is treated as a 
current source. In order to achieve unity power factor 
operation for linear/ nonlinear loads, the supply currents must 
feed only the real power to the load. This is achieved by 
generating a reference active component of current by 
monitoring the variation in dc link voltage. This is because the 
capacitor voltage increases/decreases with the 
increase/decrease of the volt amperes of the load. 

Additionally in order to achieve voltage regulation, the supply 
currents must slightly lead the supply voltages, in order to 
cater to the distribution line losses. Then the reference current 
is the.sum of the active and reactive component of current. 
This reference reactive component of current is obtained by 
monitoring the deviation of ac voltage at the PCC. The 
reference reactive current is assigned zero value during unity 
power factor operation. A hysterisis current controller is used 
for generating the switching signals to the voltage sourced 
converter. 

This paper also presents a systematic procedure for the 
optimum design of the PI controller parameters using both 
empirical (hit and trial) and Genetic Algorithm based tuning 
method for reference dc link voltage regulation. This offline 
parameter optimization is carried out relative to a performance 
index, which is the Integral Square Error (FSE) [5]. The fitness 
is reciprocal of the error and is evaluated using Genetic 


147 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


Algorithm Optimization Toolbox (GAOT) toolbox [6]. On - 


comparing the dc link voltage response by both the methods, 
during switch on and load perturbation, for linear nonlinear 
loads the performance of the GA based optimization is better 
than the empirical method. All the simulations are carried out 
using MATLAB/Sim Power systems environment. 


IL MODELING OF DSTATCOM AND COMPENSATION SCHEME 


A DSTATCOM is a controlled reactive source which 
includes a Voltage Source Converter (VSC) and a DC link 
capacitor connected in shunt, capable of generating and /or 
absorbing reactive power. The modeling of DSTATCOM is 
based on the synchronous reference frame: method, which 
justifies the decoupled current control scheme [7]. Fig.1 shows 
the simplified single line diagram of a DSTATCOM, 


comprising of a dc link capacitor (Ca), IGBT based VSC,- 


filter inductance (Ry, Ly. and the PCC voltage V iabe) . Vaa) 
and ix) are compensator voltages and currents respectively. 


Vs(abc) Ve(abc) 
| Rt Lt | rece m 
ic(abe) £; 


Fig. 1 Simplified model of DSTÀTCOM 
The equations of the AC side of the single line diagram shown 
in fig.1, is given as, 


d(i ) 
Verano = Vaag + Reiger tL — E W 


In order to convert the above equation to synchronous 
reference frame, the following transformation matrix ‘K’ is 
used, 


cos( @t +0) cost aot + 8 - =) cos( wt +8 +5 


K = =| sin( ot +0) sinf ær + 0 - 25) sin( t +0 -5 


i | l 
Ji Ji Lit 
Transforming quantities in equation 1, to the synchronous 
reference frame, and substituting in equation (1), 
dK’ 
K "Vega =K Vag) +R; (Kiga) + Ly E Sano (2) 


simplifying and writing the d-q terms separately, 


L 6 l -Rila +OL idla + (Vea Va) B 
L Ha, -Rila — OL ia + Veg Va) 
writing in matrix form, 


djlg|_[-R,/AL, ry) la A 1 [Va -Vu © 
dt |ie | -@ -R,A, ha} by Lea ~ Vea 

Here Vaa and Veg , which are compensator voltages in d-q 
axis depends upon the switching states of the converter and 
the dc link voltage. Since a hysterisis current controller is used 


the switching states are dependant upon the error during 
current tracking. These voltages are given as, 


Va y 2 -=i -1//S, 
Ver |=#Ke—-|-1 2 -1/ 18, (6) 
Fo -1 -1 2jÍs, 
Here Sa S, and S, are the switching states of switches in phase 
A,B and C. Since d-q axes are not stationary, and they follow 
the trajectory of the voltage vector, within this synchronous 
rotating frame, v,=V.q and v,, =0,using the definition of 
Instantaneous Reactive Power Theory, the instantaneous 
active and reactive powers are described as : 
P = Valea + Vegleg 
q= Vales — V saloa g 


Equation (7) shows that DSTATCOM performance is 
controlled by the active and reactive component of current is 
and icq, The controller based on the above model is shown in 
Fig.2, comprising of an outer loop consisting of ac and dc 
voltage controllers [8]. Three phase ac supply voltages and dc 
link voltages are sensed and fed to two PI controllers, the 
outputs of which decide the amplitude of the reference 
reactive and active current to be generated by the 
DSTATCOM. In order to achieve unity power factor operation 
for linear/ nonlinear loads, the supply currents must feed only 
the real power to the load. This is achieved by the reference 
active component of current by monitoring the variation in dc 
link voltage. This is because the capacitor voltage 
increases/decreases . with the increase/decrease of the 
voltamperes of the load. Additionally in order to achieve 
voltage regulation, the supply currents must slightly lead the 
supply voltages, in order to cater to the distribution line losses. 
Then the reference current is the sum of the active and reactive 
component of current. This reference reactive component of 
current is obtained by monitoring the deviation of ac voltage 
at the PCC. This ac/dc voltage regulation can be achieved by 
conventional PI controllers or Fuzzy Controllers. 


=V aloa = Vlog 


= -V aleg = —Valig 





Fig.2 Control of DSTATCOM 

The inner loop current controller as shown in Fig.3, gives 
switching commands to the VSC. The direct and the 
quadrature reference currents obtained from the outer loop are 
transformed into abc frame by dq0_abc transformations. A 
phase locked loop (PLL) is used to synchronize the control 
loop to the ac supply so as to operate the dq0_abc reference 
frame. The transformed abc reference currents and the sensed 
line currents are fed to the inner loop current controller which 
“is a carrier less hysterisis controller. The switching are 
obtained as: 

If I,.>(.*+h), upper switch of inverter leg corresponding to 
phase ‘a’ is ON and the lower switch is OFF. ` 

If I,.<€,.*+h), upper switch of inverter leg corresponding -to 
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phase ‘a’ is OFF and the lower switch is ON. 





Fig. 3 DSTATCOM current controller 

Similarly the switching state of the other phases is calculated 
and the three currents are regulated within the assigned 
tolerance band ‘h’ of their respective values. The tracking 
becomes better if the hysterisis band is narrower, but then the 
switching frequency is increased which results in increased 
switching losses. Therefore the choice of the hysterisis band 
should be a compromise between the tracking error and the 
inverter losses [9]. The main advantage of tracking control is 
that it is simple, robust and exhibits an automatic current 
limiting capability. 


Tf. IMPLEMENTATION OF DC VOLTAGE LOOP 


As observed in the previous section, the DC voltage loop 
contributes towards, achieving power factor correction and 
harmonic mitigation for linear nonlinear loads. The block 
diagram of DC voltage loop is shown in fig. 4. In order to 
eliminate the steady state error in the dc link voltage, a PI 
controller is used.. 





Figure 4. Block Diagram of DC Voltage Loop 
Where, 


G1! is the transfer function of the PWM converter 


G2 is the gain of the PI controller 
From eq.(7) the input active power of the converter at the AC 
side in dq0 frame is calculated as: E 
Pa = 3| VI, +I} R +—-L? (8) 
w ao cd od dt 2 ed 
The active power of the converter on the de side is: 


y? dV 
P, =—£+V,C, —-& 
dc R de “de dt 


The power at the AC and DC terminals of the converter are 
equal, giving the following power balance equation. 


(9) 


P, =P, (10) 

The transfer function of the PWM converter at a particular 
operating point in steady state is obtained by assuming the 
PCC voltage as stable and applying small signal perturbation 
[4,11]. 


Gus) -AVe = A + ORI, + TLS) 
Ala “p+ SCa Vac 
G(s) = Kp+ = 
5 
where, - 


Kp= proportional gain which determines the voltage 
response. 

Kr = integral gain which defines the damping factor of the 
loop. 

A second order transfer function can be found for the closed 
loop system. The controller parameters found empirically by 


‘hit and trial are obtained as 9 and 30 respectively. 


A. GA based parameter tuning 


Genetic Algorithms are powerful search methods based on 
the mechanics of natural genetics. They employ operations 
found in natural genetics to guide itself through the paths in 
the search space. Generally for a given optimization problem, 
a standard GA consists of the following [10]: 

1. Chromosomal representation of the solution to the 
problem. 

2. A means of generating an initial population of 
solutions. ; 

3. A fitness function, which ranks the solutions 
according to their fitness. 


GA’s basically start with an initial population containing a 
number of chromosomes, whose performance is evaluated 
using the fitness function. The algorithm is repeated for many 
generations, the offspring being improved with each 
generation by the use of genetic operators and finally 
terminates when reaching at the individual, which is the 
optimum solution to the problem. 

For parameter optimization GA is initiated by a population 
pool of chromosomes which are randomly set initially. Each 
chromosome here represents a string of k, and k, which can 
be represented as a binary or a real valued string. The fitness 
of each chromosome is calculated with the view to minimize 
the performance index .The performance index chosen is 
‘Integral Square Error’ ASE), which removes the negative 
error components and the fitness is calculated as the inverse of 
the Integral Square Error. The optimized values of K, and K, 
obtained in each generation, and are used calculate the error 
w.r.t. unit step response. The fitness is evaluated as the 
reciprocal of the error, as the GA's are used to find the 
maxima This whole process has been carried out using GAOT 
toolbox, where the size of the population, GA operators such 
as selection scheme, crossover, mutation can easily be 
specified. The flow chart of the GA assisted PI controller 
tuning is shown in fig. 5. The properties of GA using GAOT 
for dc loop parameter optimization are given in Table I. 


` 
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Fig. 7 Step response of both the controll 
Fig 5 Flowchart for GA assisted PI tuning ee : ee 


TABLE 1 
GA PROPERTIES i IV. SIMULATION RESULTS 


|__ Population Size | 60 oo n 
| Generations | OD 
Normalized Geometric Selection 






The simulation of controllers is carried out in 
MATLAB/Power system blockset . The system parameters are 
mentioned in Appendix 1. Fig. 7 shows that the dc link voltage 
response of the optimized controller is better than the 
empirical controller, and the voltage settles down to the 
reference value within 0.02 secs. The response of optimized 
DSTATCOM with lagging varying linear load of 22K VA for 
reactive power compensation and power factor correction is 
shown in fig.9. Even though the load is suddenly reduced by 
22% between 0.25 secs.-0.32secs, the source currents are in 
phase with the source voltage(Vsa/5 for better clarity)and the 
dc link voltage is also maintained regulated at 650Vafter a 
short transient. 







Non Uniform Mutation 
0.01% 





The optimized K, and K; are found as 9.996 and 38.243 
respectively. Fig. 6 shows the convergence of K, and K; to 
their final values through a given number of generations. It is 
observed that the value of K, settles by 40 generations but Ki 
tends to settle down after 80 generations. Comparing the step 
response of a empirical and a optimized controller the settling 
time and the rise time of the latter is less than the former as ee 
shown in fig.7. This offline parameter optimization, based on Tr contd 
fitness function is less tedious and gives a better system 
response. The variation of dc link voltage based on the above 





PI parameters for linear/nonlinear load is discussed in the § 
subsequent section. 
1 e 
105 
k w l 
` oio 01 O16 02 O28 03 aS 04 048 
` S u a a o o O o o o tmofseca) 
Goneattion Fig. 8 DC Link Voltage Response for both the controllers(linear load) 
s 
> Similarly in case of a nonlinear load also the transient 
JA response of dc link voltage with the optimized controller is 
k s better and the voltage settles down to the reference value 
i within 0.02 secs as shown in fig.10. 
Xy as n w a o a o w 
Generation - 


Fig6. Variation of Kp and Kı with generations 
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Fig. 9 Response of GA Optimized DSTATCOM for a linearly varying load 





Fig. 10 DC Link Voltage Response for both the controllers(nonlinear load) 


Fig 11 shows the response for a nonlinearly varying load, and 
unity power factor operation and harmonic suppression is 
maintained even during load change between 0.25 secs- 
0.32secs. The total harmonic distortion in source current is 
reduced to 2.94% as shown in fig.12 


V. CONCLUSION 
Proper parameter tuning in DSTATCOM is an important 
criteria for obtaining fine contro! performance, better dynamic 
response and harmonic suppression. The offline parameter 
optimization of the dc voltage loop is better than the empirical 
method as observed by the simulations. The tuning method 
can be extended to multi objective optimization when 
extending the application of a DSTATCOM for voltage 


regulation in addition to power factor correction and harmonic 
mitigation at the distribution end. 





0 16 
time (800) 
Fig. 11 Response of GA Optimized DSTATCOM for a lmearly varying load 


FFT vandow 4 of 22.5 cycles of selected signal 
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Fig. 11 Frequency spectrum of the source current after compensation 


APPENDIX I 
SYSTEM PARAMETERS 
V3=400V(L-L), source impedance X/R=6, filter impedance L=4.5Mh, 
R,=0.20hms,de capacotance=3000UF, V4.(ref}=650 V, Linear load 22KVA at 
0.83 lagging, nonlinear load: Ri= 30 ohms,L;=20e-3H, R= 18 ohms, 
Ly=7Se-3H 
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Compensator 


L.R.Srinivas', and *K.Vaisakh 
'Dept. of Electrical Engineering, SRKR College of Engineering, Bhimavaram, AP 77843 INDIA. 
Dept. of Electrical Rngmeering, AU College of Engineering, Andhra University, VISAKHAPATNAM 530 003 INDIA 
(e-mail: vaisakh k@vahoo.co.in)} 


Abstract The static synchronous series compensator (SSSC) is 
one of the recently developed flexible ac transmission system 
(FACTS) controllers. The SSSC coupled with a transformer is 
connected in series with a transmission line, which can be used for 
steady state control of one of the following parameters: 1) the 
active power flow on the transmission line; 2) the reactive power 
flow on the transmission line; 3) the voltage at the bus; and 4) the 
impedance (precisely reactance) of the transmission line. 
Furthermore, the model can also take into account the voltage 
and current constraints of the SSSC. The detailed implementation 
of such a multicontrol functional model in Newton power flow 
algorithm is presented. A special consideration of the 
initialization of the variables of the SSSC in power flow analysis 
is also proposed. Numerical examples on the IEEE 30-bus system, 
are used to illustrate the feasibility of the SSSC model and 
performance of the Newton power flow algorithm. Power system- 
security enhancement is a remedial action against possible 
network overloads in the system following the occurrence of 
contingencies. Line overload can be removed by means of 
generation re-dispatching and by adjustment of FACTS devices 
such as phase shifting transformers, thyristor controlled series 
compensators and unified power flow controller (UPFC). The 
paper presents an algorithm for OPF for identifying the optimal 
values of UPFC series and shunt voltage source magnitudes and 
its angles. The locations of UPFC are selected based on sensitivity 
analysis. Simulation results on IEEE 30-bus test system are 
presented and compared with the results of other conventional 
approaches. 


keywords-OPF, system security, unified power flow controller, 
voltage stability 


I. INTRODUCTION 


IRANSMISSION line overloads can be alleviated by 
rerouting power flows in the system A linearized 
relationship between power flow in the overloaded lines 
and the generated power has been used to reschedule the 
power generation earlier. A computationally simple algorithm 
has been developed in [1] for real-time security control. In [2], 
a fuzzy set- theory-based approach has been proposed for 
overload alleviation through real power-generation 
rescheduling. A generation-shift sensitivity factor was used to 


` determine the change in generation required at a generator 


busbar. Although these approaches are fast in rescheduling the 
power generation, it may lead to overloading in other lines. 

For secure operation of the system without any limit 
violation, complete modelling of the system through load- flow 
equations and operational constraints is necessary . Apart from 
generation rescheduling, adjustment of phase angles of-phase 
shifting transformers will also result in a change in line flow 
pattern. This paper presents an optimal power flow with phase 
shifter for overload alleviation. The locations of phase shifters 
are identified based on sensitivity analysis. 

In the recent years voltage stability issues have received 
considerable focus due to the several voltage stability crisis 
situations having occurred all around the globe. Economic 
competition, sometimes, results in paying less attention to 
security features of the overall system. System 
security/stability has become one of an important issue in the 
context of deregulation because of the increased demand and 
competition. 

A power flow can have any number of operating limit 
violations. When such situations occur, the violations can be 
alleviated by appropriate or various corrective actions. The 
analytical process of evolving this procedure is known as 
optimal power flow [3]. The current practice is to use the 
constraints based on the operating limits imposed by bus 
voltages, branch flows, power transfers over interfaces, etc. 
The system troubles in contingency analysis are violations of 
such constraints. Controls may include generator, real power 
phase shifter angles etc. The objective of the corrective action 
algorithm is to observe all constraints while minimizing the 
weighted sum of the control movement. The Newton based 
approach to OPF was proposed in [4]. In [5] the authors have 
formulated the OPF extension to take into effect the 
contingencies that occur in power systems. The non-solvability 
of the Newton process due to the singularity of the Jacobian 
matrix is got over by modifying the OPF through load 
shedding or by relaxing some in-equalities [6]. 

Methods to understand the voltage instability phenomenon 
and quantify the stability indices have been reported in works 
[7,8,9]. In [10] a voltage stability indicator has been discussed 
whose value changes between zero (no load) and one (voltage 
collapse). The indicator incorporates the effect of all other 
loads in the system on the evaluation of index at individual 
load buses. The overall voltage stability of the system could be 
identified by the largest value of the index evaluated amongst 
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all the load buses. This indicator can also be used as a 
normalized quantitative measure, for estimation of the voltage 
stability margin from the operating point. 

Works in the direction of developing algorithms to 
incorporate stability issues into power system operational 
analysis are going on. The reported work [11] attempts to 
formulate the incorporation of the transient angle stability, into 
an OPF routine, as an additional constraint. Controlling the 
power flows in the network, under normal operation and 
network contingencies, helps to reduce flows in heavily loaded 
lines, reduce system power loss, and improve stability and 
performance of the system without generation rescheduling or 
topological changes [15, 16]. An UPFC installed in a line 
helps to increase or decrease the power flow in a line for 
improving real power loss reduction, voltage profiles, and 
voltage stability. 

The OPF solution gives the optimal settings of all 
controllable variables for a static power-system-loading 
condition. A number of mathematical-programming-based 
techniques have been proposed to solve the OPF problem. 
These include the gradient method [12,13,14]. Newton method 
and linear programming [15,16]. In [17, 18] mixed-integer 
linear programming has been applied to identify the location of 
the phase shifter and FACTS devices in order to improve the 
loadability of the system. The gradient and Newton methods 
suffer from the difficulty in handling inequality constraints. To 
apply linear programming, the input-output function is to be 
expressed as a set of linear functions, which may lead to loss 
of accuracy. Also, difficulties are encountered in incorporating 
directly the discrete variables related to the phase-shifting 
transformers. In [19], a rule-based OPF with phase shifter has 
been proposed to alleviate the line overload. The principal 
shortcoming of a rule-base approach is that the construction of 
Tules requires extensive help from skilled knowledge 
engineers. Also, it does not provide a continuous fabric over 
the solution space. 

The paper presents an algorithm for OPF for identifying the 
optimal values of UPFC series and shunt voltage source 
magnitudes and its angles. The locations of UPFC are selected 
based on sensitivity analysis. Simulation results on IEEE 30- 
bus test system are presented and compared with the results of 
other conventional approaches. 


I. VOLTAGE STABILITY MARGIN 


Consider an n-bus system having 1, 2...g, generator buses 
(g), and g+1,g+2...n the load buses(r=n-g-s) and t number of 
OLTC transformers. The transmission system can be 
represented using a hybrid representation, by the following set 


of equations 
Fig |l 
Yoo ILVc 


Vaal 


where 


V_.21,, are the voltage and current vectors at the load buses 


Vo» Io are the voltage and current vectors at the generator 
buses 

Zip Fig» Kei»Yog are the sub-matrices of the hybrid 
matrix H. 

The H matrix can be evaluated from the Y bus matrix by a ` 
partial inversion, where the voltages at the load buses are 
exchanged against their currents. This representation can then 
be used to define a voltage stability indicator at the load bus, 
namely L, which is given by, 


Vo, 
L; =| + R 
V, 
where, 
Vo =-),FaV; (2) 
EG 


The term Vo, is representative of an equivalent generator 
comprising the contribution from all generators. 


The index L; can also be derived and expressed in terms of 
the power terms as the following. 





S ja 
a : 6) 
Y j+ V, 
where, 
S = Sjt S jor (4) 
* indicates the complex conjugate of the vector 
Zn Si 
Set 5 any. (5) 
aa Zy Vi 
1 
Y j+ Spee (6) 
Zy 


The complex power term component $ jcorr represents the 
contributions of the other loads in the system to the index 
evaluated at the node j. 

It can be seen that when a load bus approaches a steady state 
voltage collapse situation, the index L approaches the 
numerical value 1.0. Hence for an overall system voltage 
stability condition, the index evaluated at any of the buses 
must be less than unity. Thus the index value L gives an 
indication of how far the system is from voltage collapse. This 
feature of this indicator has been exploited in our proposed 
algorithm to evolve a voltage collapse margin incorporated 
OPF routine. The L-indices for a given load condition are 
computed for all load buses. The equation for the L -index for 
j-th node can be written as 
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=|1.0- ŠJr,| Ha, ,+6,-ô; 


=] m 


nho- Sy Fr) 


(8) 
* Indicates the T conjugate of the vector 
V, =V,26,,V, =|V,|26,, D 
F, =|F,\20, as 


F; = |F,|cos(@ , +6,-6,), 
Fy =|F,|sin@, +6, -6,) 

It can be seen that when a load bus approaches a steady state 
voltage collapse situation, the index ZL approaches the 
numerical value 1.0. Hence for an overall system voltage 
stability condition, the index evaluated at any of the buses 
must be less than unity. Thus the index value L gives an 
indication of how far the system is from voltage collapse. This 
feature of this indicator has been exploited in our proposed 


algorithm to evolve a voltage collapse margin incorporated 
OPF routine. 


II. POWER FLOW CONTROL WITH UPFC 


Better utilization of existing power system capacities by 
installing new power electronic controllers such as FACTS has 
become imperative. FACTS controllers are able to change, in a 
fast and effective way, the network parameters in order to 
achieve better system performance. FACTS controllers, such 
as phase shifter, shunt, or series compensation and the most 
recent developed converter-based power electronic controllers, 
make it possible to control circuit impedance, voltage angle, 
and power flow for optimal operation performance of power 
systems, facilitate the development of competitive electric 
energy markets, stimulate the unbundling the power generation 
from transmission and mandate open access to transmission 
services, etc. With the practical applications of the converter- 
based FACTS controllers—STATCOM, SSSC, and UPFC in 
power systems, computer modeling of these is of great concern 
for the planning, operation planning, and control analysis of 
the FACTS controllers. 


IV. MULTICONTROL FUNCTIONAL MODEL OF THE 
SSSC 


A. Operation Principles of the SSSC 

A SSSC usually consists of a coupling transformer, an inverter, 
and a capacitor. As shown in Fig. 1, the SSSC is series 
connected with a transmission line through the. coupling 
transformer. It is assumed here that the transmission line is 
series connected with the SSSC via its bus . The active and 
reactive power flows of the SSSC branch entering the bus are 
equal to the sending end active and reactive power flows of the 


transmission line, respectively. In principle, the SSSC can 
generate and insert a series voltage, which can be regulated to 
change the impedance (more precisely reactance) of the 
transmission line. In this way, the power flow of the 
transmission line or the voltage of the bus, which the SSSC is 
connected with, can be controlled. 


B. Equivalent Circuit and Power Flow Constraints of the 
SSSC 

An equivalent circuit of the SSSC as shown in Fig. 2 can be 
derived based on the operation principle of the SSSC. In the 
equivalent, the SSSC is represented by a voltage source in 
series with a transformer’s impedance. In the practical 


operation of the SSSC, V,, can be regulated to control the 


power flow of line i- j. 

It is proposed to improve the performance of the system by in 
presence of UPFC using all of its advantages. The UPFC 
equivalent circuit for steady state model is shown in Fig. 1 


A S S ja 
Vi 
V; 
Figurel. SSSC operating prmciples 
—> < 
v, Re{V,,1 4} =0 v; 
Figure2 SSSC equivalent circuit 
In the equivalent circuit, V..=V,,290,,, 


V,=V,20, Vy =V,20, , then the power flow constraints of 
the SSSC are: 


P =V?2,-VV,(g, cos(@, -0 ,)+ b, sin(@, -0,)) 


. 
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- VV,.(g, COSCO, — 0, ) + dy, sin(@, —8,,)) 
Q,=-V,’b,-V,V, (g, sin(@, — 8,) -by cos(6, —@,)) 
- VV,.(g, sin(6, — 0, ) — by cos(6, —9,,)) 
P, =V} 8 j -VV (8 cos(@, —0,) + by sin(@, —9,)) 
+ V V a(g cos(6, —9,,) +b, sin(@, —9,,)) 
Q, =-V?b -VV (8, sin(@, —8,)—b; cos(0, —9,)) 
+ VV.(g, sin(6, —9,,)-—b, cosl, —9,,)) (5) 
Where 8, + jby=1/Z,,,8,=8,, 
b, =; +8 y=8yandb, =b 
The operating constraint of the SSSC (the active power 
exchange via the dc link) is 
PE =Re(V,,I',) = 
where 
Re(V,1 3) = -VV (8y COS(O, — O,.) — by sin(6, —8,,)) 
+V,V,.(8, cos(0, —0,.)—b, sin(@, —8,, )) 
of the shunt voltage source . 


V. OPF FORMULATION INCORPORATING VOLTAGE 
STABILITY MARGIN AND UPFC 


The OPF problem formulation, which we have used, is 
presented herewith. In order to keep the load power factor as a 
constant, we assume that when a certain amount of real load 
has been shed at one bus, the corresponding reactive load will 
also be shed in the same proportions. The conventional 
formulation of the optimal-power-flow (OPF) problem 
determines the optimal settings of control variables such as 
real power generations, generator terminal voltages, 
transformer tap settings and phase-shifter angles while 
minimising an objective function such as fuel cost given in (2). 


Objective: F, =Y (a,P2 +b,P,, +¢,) 
(2) 
The minimization problem is subjected to the constraints 
P=Y]V |V, |(G,cosg, +B, sing, ) 
JH 


2,=dIVAV, |G, sind, —B, cosô,) 9 
Ja 
min max (5) 
PE” < P, < Pi 
min max (6) 
Qi < Qi < Qi 
O SQu S Qiireg g 


IV; ka SV SV, bax i 


9) 
(10) 
(11) 


| imin < Pi S P imar 


O gimin SQgi S Qgimax 
P; +Q; S Sim 
Vir SVr SVr” 
A a E A 
0<0, 2T 
0<0,, $22 


L; < Lori 
Where 
Pı: teal power generation at bus i 


(12) 


Q,i: reactive power generation at bus i 

| V; | : voltage magnitude at bus i 

| V; |: voltage magnitude at bus j 

G,»By: real/reactive part of the ij* element of the bus 
admittance matrix 

ô, : angle difference between the voltage phasor at bus i 
and bus j 

Primo, Peimax : minimum/maximum real power generation 
at generation bus i 

Q pimin gimax : 
generation at generation bus i 

LV, kaol Vi Incr : Minimun/maximum voltage magnitude 
at bus i i 

Py, Qy : real freactive power flow through transmission line 
ij 

Siymax : Maximum apparent power flow allowable through 
the ij* line 


minimun/maximum reactive power 


|V knino] Vee: minimum/maximum voltage 
magnitude of UPFC series voltage source 
| Vr lans] Vor Imax minimum/maximum voltage 


magnitude of UPFC shunt voltage source 

| Oe lmin>t Oar Imax : Minimum/maximum voltage angle of 
UPFC seiers voltage source 

|. lamo] Oye Imax : Minimum/maximum voltage angle of 
UPFC shunt voltage source 

L, is the index L evaluated at the i th bus other than the 
generation buses 

Li is the threshold value of the index acceptable for the 
system 
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VI. SIMULATION RESULTS 


The method is applied to IEEE-30 bus test system Two 
different cases aree considered for the study. In the first case, 
the proposed algorithm was applied to obtain the optimal- 
control variables in the IEEE 30-bus system under normal 
conditions, In the second case, the proposed algorithm was 
applied under line outage. 

A. Normal Operation 
The UPFC is placed at 3 different locations i.e., at line 15- 


14, line 22-21, and line 25-24 in the bus system. The solutions 
were compared in all the three cases, as given in the Table 1 


Table 1 OPF results in 3 different locations under normal 
operation 


UPFC Location 





B. Under line 11-8 network contingency 

The method is applied under the transmission line 11-8 
outage contingency condition and the results obtained are 
given in Table 2. 


Table 2 OPF results in 3 different locations under network 
contingency 


15-14 25-24 22-21 













Total ‘P’ gen ae 92 299.136 aoe .213 


Total‘P loss 13.901 — 795 
0.950 
ee aes ee eS a 


Cia 814.726 816.034 817.045 





VI. CONCLUSIONS 

This paper has proposed, an optimal power flow 
incorporating the UPFC for system security and voltage 
stability margin enhancement. The paper presents an OPF 
algorithm for identifying the optimal values of UPFC series and 
shunt voltage source magnitudes and its angles. The locations of 
UPFC are selected based on sensitivity analysis. Simulation results 
on JEEE 30-bus test system are presented and compared with the 
results of other conventional approaches. 
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Abstract- This project presents new approach for multi-area unit 
commitment which takes power system dynamic stability limit 
into account. In the propesed dynamic security constrained 
commitment method, dynamic programming is first employed to 
perform unit commitment on whole system. The eigenvalues for 
the resultant yearly generation schedules are examined to see if 
they satisfy the specified dynamic security criterion. If the 
dynamic security requirement is not met at certain hours, an 
iterative algorithm is employed to reduce the inter-area line flows 
gradually and to perform area red patch and, if necessary, area 
unit commitment, in order for the resultant generation schedule 
to satisfy the dynamic security requirement. 

The goal of the presented approach is to achieve a multi-area 
generation schedule which not only meets the conventional 
requirements of having lowest fuel costs with the spinning 
reserves and steady-state transmission capacity limits satisfied, 
but also offers dynamic performance through the enforcement of 
dynamic security constraint. The effectiveness of the proposed 
approach is demonstrated by unit commitment of a utility system. 


Keywords - Dynamic stability, economic operation, unit 
commitment, dynamic security 


1. INTRODUCTION 


Te objective of unit commitment is to determine the 
optimum schedule of a utility’s generating units that 
minimize total generating costs. In addition to providing 
sufficient generation to meet the load demand certain 
operating constraints such as spinning reserve margin, 
minimum up time and down time ,and must run units and 
normally considered in standard unit commitment routines .In 
the past two decades ,several approaches such as priority lists 
sbranch-and-bound method, dynamic programming ¿and 
Lagrangian relaxation have been proposed for unit 
commitment. 
To “commit” a generating unit is to “turn it on;” that 
is , to bring the unit up to speed , synchronize it to the system, 


and connect it so it can deliver power to the network. The 
problem with “commit enough units and leave them on line ” 
is one of economics. 

For a given demand the units to committed, for determine so 
that the fuel cost is minimized. 


The generic UC problem can be formulated as: 


Minimize the Operational cost 

Subjected to: 
e Minimum up - time and down-time constraint 
e Crew constraints 
e Ramp rate limits 


2. DYNAMIC PROGRAMMING APPROACH TO UNIT" 
COMMITMENT 


In conventional dynamic programming (DP) approach , an 
objective function is to be minimized subject to some 
constraints such as power generation —load balance, spinning 
reserve requirement, minimum up time ,minimum down time , 
and crew constraints .The objective function of to be 
minimized is written as 

N I 
COST =% X [FCOSTi (Gi (K) ) + SCOSTi] 

K=1 I =1 


(1) 


total cost over the study period 


Where 
COST = 


I = number of thermal units 
FCOSTi (Gi( K))= cost of producing Gi at unit I during 
stage K 
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SCOSTi = start up cost for thermal unit i 
The generation —load balance equation as 
I 


x Gi(K) +GHYDRO(K) >L(K), K=1,2,...N 
i=! 


caer (2) 
Where 
GHYDRO ( K) = total power from hydro units at stage 
K 
L(K) = load demand at stage K 


The spinning reserve requirement as follows 


I 
= RESi(K)+RES(K) > REQ(K}(3) 
i=] 


Where 


RESI (K) = spinning reserve of thermal unit I at stage K 
= total spinning reserve from hydro units 
= required spinning reserve at stage K 


In multi-area unit commitment, an additional constraint with 
regard to the maximum allowable power flows over the inter 
area trunk must be imposed .In other words, we have 

PE(K) < PE(K) (4) 





Where 
PC (K )is the power flow over trunk line £ at 
hour K and Pt ( K ) is the corresponding transmission capacity 
limit. 
To obtain a commitment schedule with lowest cost, a 
recursive algorithm has been derived to compute the minimum 
cost at stage K (hour K) with state I 


FCOST(K,I) =min [PCOST(K, I) +SCOST (K- 1,L 
@) ;K,I)+FCOST(K-1,L)]—(5) 


Where 

F COST(K, I) = least total cost to arrive at state ( K 
1) 

PCOST (K, I) = production cost for state (K ,1) 


SCOST (K-1,L ;K,I) = transition cost from state ( K-1, L 
) to state (KI) 


3. CONSTRAINTS IN UC 
Due to increased competition on power companies there has 


been new interest to optimization methods by which 
production and distribution costs could be minimized. Optimal 


electric power plant scheduling can provide substantial savings 
in both fuel and operational costs. The problem is to find the 
optimal combination of power generation for each power 
consumption situation, ie. a schedule ,when the costs of each 
generator unit and other relevant economic and technological 
parameters are known. 


Many constraints can be placed on the unit commitment 
problem. The list presented here is by no means exhaustive. 


1. Spinning Reserve 

Spinning reserve is the term used to describe the total 
amount of generation available from all units (.e., spinning) 
on the system, minus the present load and losses being 
supplied. Spinning reserve must be carried so that the loss of 
one or more units does not cause too far a drop in system 
frequency. Quite simply „ìf one unit is lost ,there must be 
ample reserve on the other units to make up for the loss in a 
specified time period. 


2. Thermal Unit Constraints 

Thermal units usually require a crew to operate them , 
especially when turned on and turn off. A thermal unit can 
undergo only gradual temperature changes , and this translates 
into a time period of some hours required to bring the unit on- 
line. As a result of such restrictions in the operation of a 
thermal plant, various constraints arise, such as : 


a Minimum up time 
once the unit is running , it should not be turned off 
immediately. 


b. Minimum down time 

once the unit is determined there is a minimum time before it 
can be recommitted. 

c. Crew constraints 

if a plant consists of two or more units , they cannot both be 
turned on at the same time since there are not enough crew 
members to attend both units while starting up. 


3. Other constraints 


d. Hydro-constraints 
Unit commitment cannot be completely separated from the 
scheduling of hydro- units. 


e. Must Run 

Some units are given a must-run status during certain times of 
the year for reason of voltage support on the transmission 
network or for such purposes as supply of stream for uses 
outside the steam plant itself. 


f. Fuel constraints 

A system in which some units have limited fuel , or else have 
constraints that require them to burn a specified amount of fuel 
in a given time, presents a most challenging unit commitment 
problem. 
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4. UNIT COMMITMENT SOLUTION METHODS 


The commitment problem can be very difficult. As a 
theoretical exercise, let us postulate the following situation. 


* We must establish a loading pattern for M periods. 
* We have N units to commit and dispatch. 
* The M load levels and operating limits on the N units are 
such that any one unit can supply the individual loads and that 
any combination of units can also supply the loads. 

The most talked -about techniques for the solution of 
the unit commitment problem are 
1. Priority-list schemes, 2. Dynamic programming (DP) 
{Forward - and Backward], 3. Lagrange relation 
(LR), 
4. Genetic algorithms, 
5. Lp-solve, 
6. Simplex algorithm with exclusive condition, 
7. Simplex algorithm with penalty function, 
8. Branch-And-Bound, 9. Separable programming, 
10. Expert systems / Artificial neural networks. 


5. RESTRICTED SEARCH PATHS IN DP ALGORITHM 


The restricted search paths in dynamic programming algortihm 
with N=3 and X=5 is shown in below. 





ow: 
£2 SL 


‘Fig | 
Where . , 
X = number of states to search each period 
N = number of strategies , or paths to save at each 
step. 


These variables allow control of the computational effort ( see 
fig 1).For complete enumeration , the maximum number of the 
value of X or N is 2” —1. 


For example ,with a simple priority —list ordering , 
the upper bound on X is n ,the number of units. Reducing the 
number N means that we are discarding the highest cost 
schedules at each time interval and saving only on the lowest 
N paths or strategies.There is no assurance that the theoritical 
optimal schedule will be found using a reduced number of 
strategies and search range (X value) ; only experimentation 
with a perticuler program will indicate the potential error 
associated with limiting the values of X and N below their 
upper bounds. 


6. DYNAMIC SECURITY CONSTRAINT UNIT 
COMMITMENT 


of 


AREA] 


23? 0 4 


lo - 


5 8 4 


Fig 2 one-line diagram of 4 generator 10 bus system 


7. THE DYNAMIC SECURITY CONSTRAINED UNIT 
COMMITMENT ALGORITHM 


The dynamic security constrained unit 
commitment algorithm proceeds the following steps. 


Step1. 

Perform unit commitment for the whole system, 
dynamic programming taking the constraints such as 
generation balance, spinning reserve requirement ,minimum up 
and down times, into account .The yearly generation schedule, 
which is referred to as the generation schedule ,does not take 
the dynamic security constraint into account. 


Step2. ` 
Starting from the generation schedule at the first hour 
to compute the eigen values for the oscillation mode of poorest 
damping for the generation schedule at the present hour K, 
o(K)+j@(K).The particular mode of concern be identified 
based on past experience with the system through an 
examination of the frequency and eigen values of the 
oscillation mode. In the present study, the oscillation mode of 
special interest to us is an inter-area mode with frequency of 
around 1 Hz which affects all generation the three areas. 
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Step3. 

Check if the generation schedules at the present hour 
the dynamic stability requirement, In other words ,we have to 
examine if o(K)SoR , where OR is a prespecified stability 
riterion determined based on system requirement and past 
experience. In the present study, we employ a value of -0.15 
for OR .This has been considered from our past experience 
with the system that a real part of -0.15 for the eigen values 

associated with the worst damped mode of yield satisfactory 
dynamic responses for the system under disturbance 
conditions. However, the selection of OR system dependent. 
Different values of OR may be used for different systems. The 
value of oR will also affect the operating cost of the resultant 
generation schedule. 


If o(K)SoR ,then dynamic stability requirement is 
satisfied by the present generation schedule and there is a need 
to change the present schedule. Proceed to check for 
generation schedule at the next hour until the schedule at the 
last hour has been examined. , 

If o(K)>oR , then dynamic stability criterion is not 
met by the present generation schedule. Go to next step to 
modify the present schedule. 


Step4. 
Reduce the inter-area line flows by a certain 
amount. Determine the total generation at each area which is 
the sum of the load demand at that area and the next outgoing 
flow from the area. Perform area economic dispatch for each 
of the three areas in the system. Note that only the amount of 
power generation for the units on-line is redispatched; the on- 
off status of each unit remains unchanged at the moment. 

If the stability requirement (6(K)SOR ) is met by the 
new generation schedule after redispatch, proceed to the 
generation schedule at the next hour (K=K+1). Otherwise 
reduce the inter-area line flows further until area economic 
dispatch is not possible with the current on-line units. In this 
case ,further reduction in inter-area line flows is possible only 
through area unit commitment .Since the total generation for 
each area has been determined, the commitment schedules for 
the generating units in one area are modified by re performing 
unit commitment on the units in that area. It is noted that, in 
performing area unit commitment at hour K, the generation 
schedules for hours 1 through (K-1) remain unchanged. Once 
the new generation schedule for hour K is reached by area unit 
commitment, go to step3 to see if it satisfies the dynamic 
stability requirement. 


9. INPUT DATA 
FOUR UNITS ARE TO BE COMMITTED TO SERVE 
A 4-H LOAD PATTERN. DATA ON THE UNITS AND 
THE LOAD PATTERN IS CONTAINED IN TABLE. 
UNIT COMMITMENT DATA 4 HOURS / 4 UNITS 


I. TABLE ~1 


F = 
S £ 

a 
$ g 
C £ 
es E 
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10. OPTIMUM COMMITMENT SCHEDULE 


Table - 3 ; 
*The eigenvalues for the worst-damped mode and the inter- 
area line flows . 





(o (H ) +j œ (H) ) -42.86623345968889 


-42.25655140046127 
-31.03787403281116 
-25.852442 11373193 +1 1.1 18826583599651 
-25.852442 1 1373193 -11.11882658359965i 
-21.77426873901444 
~12.86182895431045 
-12.61339168755754 


-3.527381528071 12 + 8.67345508545868i swing mode | 
-3.527381528071 12 - 8.67345508545868i swing mode 2 
-2.5 1253992704980 + 6.30365587622010i swing mode 3 


[ inter area mode] 
-2.51253992704980 - 6.30365587622010i 
-5.05521791694474 
-0.57873531456900 + 3.80502727858256i 
-0.57873531456900 - 3.80502727858256i 
2.85825846983292 
0.592094 14413774 
0.00000000000004 


e ~—Line-- Power at bus & line flow —Line loss~ 
Transformer from to MW Mvar MVA MW 
Mvar tap 1 699.415 128.834 711.182 

5 699.429 128.860 711.200 4.768 57.212 


2 700.000 144.484 714.756 
6 700.000 144.536 714.766 5.008 60.099 


3 700.000 156.337 717.246 
9 700.000 156.370 717.253 5.043 60.518 


4 721.720 136.452 734.506 
10 721.720 136.463 734.508 5.085 61.024 


5 0.000 0.000 0.000 
1 -694.661 -71.647 698.346 4.768 57.212 
6 694.661 71.647 698.346 11.948 104.464 


6 0.000 0.000 0.000 
2 -694.992 -84.437 700.102 5.008 60.099 
7 1377.705 51.620 1378.672 19.425 188.432 
5 -682.714 32.817 683.502 11.948 104.464 


7 -1159.000 88.000 1162.336 
8 199.281 -48.812 205.172 3.033 -64.453 
6-1358.281 136.812 1365.153 19.425 188.432 


8 -1575.000 112.000 1578.977 
7 -196.248 -15.642 196.870 3.033 -64.453 
9-1378.752 127.642 1384.648 20.096 186.480 


9 0.000 0.000 0.000 
3 -694.957 -95.852 701.536 5.043 60.518 
8 1398.848 58.839 1400.085 20.096 186.480 
10 -703.892 37.014 704.864 12.743 112.453 


10 0.000 0.000 0.000 
4 -716.635 -75.439 720.594 5.085 61.024 


Total loss 87.149 766.229 


11. CONCLUSIONS 


A new approach has been developed for dynamic 
security constrained unit commitment. In the proposed 
approach, a dynamic security criterion is first specified. Then, 
an iterative algorithm is developed to yield a generation 
schedule which not only minimizes total operating cost but 
also satisfies the dynamic stability requirement. Results 
obtained from this study reveal that, in some cases where the 
inter-area line flows exceed their dynamic stability limits the 
conventional dynamic programming approach may result in a 
generation schedule with insufficient system damping. The 
proposed method has been applied to the unit commitment of a 
utility system. 
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Abstract—This paper focuses a new approach to steady state 
power flow control using multiple flexible A.C. transmission 
systems (FACTS) equipped devices. Generalized nodal 
admittance model has been presented for Series Compensator, 
Phase Shifter, Static Var Compensator(SVS) and tap changing 
transformer. The proposed method is based on load flow and 
line flow equations and best suited for evaluating the ratings of 
individual FACTS devices when multiple FACTS devices are 
installed in a network to enhance the power transmission 
capability of selected lines very close to line limits. A Newton 
Raphson load flow programme has been developed on 
MATLAB platform and tested for modified TEEE-14 bus 
system. 


Key Words: FACTS, TCSC, TCPAR, Power flow Controllers 


I. INTRODUCTION 


HE global liberalization trend in all economic sectors 

throughout the world acts as vital force in favour of 
deregulation in the Electric Supply Industry (ESD and 
demands new concept and technologies to best suit the 
existing power system resources without compromising the 
system security [1]. Under these circumstances, efficient 
control of the power system network is essential. 
Installation of flexible AC transmission system (FACTS) 
appears to be the most appropriate solution for controlling 
power flow in the network because of its excellent 
flexibility and versatility[ 2,3]. 

With the advancement in Power electronics, 
FACTS devices are being utilized to achieve many 
objectives in an electric power system [4,5]. It can be used 
_ to reduce power flow in the overloaded lines by using 
excess capacity of the alternative paths. This helps to 
increase the power transfer capability of existing lines 
under normal condition very close to their thermal limits. 

In many situations it becomes necessary to increase the 
power transfer capability of some lines with the installation 
of facts devices. In this paper authors have developed an 

algorithm for proper choice of multiple FACTS devices 
parameters ın the power network to enhance the power 
transfer capability of existing lines under normal condition - 


163 


very close to their line limits .This algorithm has been 
applied for modified IEEE 14- bus system[6] . 


U. MODELING OF FACTS DEVICES 


Facts technology opens up new opportunities for 
controlling line power flows, minimizing losses and 
maintaining bus voltages at desired level in a power system 
network. These are done by controlling one or more of the 
interrelated system parameters including series impedance, 
shunt impedance, current, voltage, phase angle etc. with the 
insertion of facts controllers in a power system network. 
Facts controllers may be categorized into three types; 

- Series Controllers 

- Shunt Controllers 

- Combined Series-Shunt Controllers 
Only one FACTS device of a given type per branch may be 
allowed. 


2.1. Thyristor-Controlled Sries Compensator (TCSC) 
The TCSC is modeled with variable series reactance. The 
equivalent circuit of TCSC is shown in Fig. | 


i R+jXi jXresc j 


Jya Jys 


Fig.1. Equivalent circuit of TCSC 


Increasing or decreasing the net series impedance of a line 
by varying the value of TCSC will greatly affect the active 
power flow. The value of TCSC( Xrcsc) is function of the 
reactance of the line X, where the device is located. The 
maximum value of capacitive type TCSC is fixed at -0.8X, 
For inductive type, the maximum value is 0.2X,[7] This 
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type device can be cost-effective means of controlling the 
power flow when the angle between two bus voltages is 
small 


2.2.Thyristor-Controlled Phase Shifting Transformer 
(TCPST) 
Like TCSC it is also a series type compensator. The model 


of the transmission line with TCPST is shown in Fig.2. 


atjb: 1 R+jXz 


I+ dH 
i. s = j 


Fig.2. Equivalent circuit of TCPST. 


This device can control the voltage phase shift angle. By 
varying the voltage phase shift angle, active power flow is 
controlled. The active power flow of a overloaded line can 
be decreased with negative phase shift and that of a under- 
loaded line can be increased up to almost the rating 
capacity. The range of the phase shift angle is 

-15 deg. < Spppep S15 deg. 


2.3. Static Var Compensator (SVC) 


The SVC is resepresented by a shunt variable susceptance 
inserted in the bus or at the mid point of the line. This 
device is used to maintain bus voltages at desired level. The 
compensator is inductive if reactive power has to be 
absorbed and capacitive if reactive power has to be supplied 
to maintain the voltage level within specified limit. 


HI. .MODIFICATION OF BUS ADMITTANCE MATRIX 
Let a line has series impedance z= r+)x,. When a variable 
series Xoc is inserted in the line then series admittance of 
the line will be modified as 


y s17 [R+ j(X,—Xreye)] “meen (1) 
and the bus admittance matrix can be written as 
Fasl = W | +D.4);————~-——— —(2) 


Where [y] is a square matrix of net series admittance and 
[Fa] is a diagonal matrix of half line charging usceptance. 
Insertion of TCPST having a complex tapping ratio 

a+jb-1 will modify [ry] as 


Faal = es k 7 | —__ 2) 


a 
Where, T,=a+ jb 

=t, L$ 
Now, if a SVC is also connected to a bus then modified bus 
admittance matrix can be written as 


Daun]modt = Wor | +a) +i] ——4) 
Where [sc] is a diagonal matrix of variable shunt 
susceptance (bsyc). 


IV. EXAMPLE 


The proposed method has been tested for 
special IEEE 14-bus system as shown in Fig.3. Four 
FACTS devices are inserted in four lines in the given 
system. FACTS1 and FCTS4 are TCSC devices. FACTS2 
and FACTS3 are TCPST devices. These four devices are 
connected to increase the active power flows of the selected 
lines very close to its thermal limits and to find out the 
minimum values of the devices parameters. The FACTS 
devices are inserted progressively one at a time. A 
capacitive type shunt compensator is also connected in bus 
no. 9. The line parameters and bus parameters are given in 
tables 1 and 2. 





Fig.3. Special IEEE 14-busbar system 
network with FACTS devices 


V. METHOD OF SOLUTION 
In this approach nodal admittance matrix is modified 
considering the presence of series compensators, phase 
shifter, static Var compensator and tap setting 
transformer in the power system network. A Newton 
Raphson load flow programme has been developed on 
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Table.1:Line parameters of the modified TEEE-14 bus 
system 


| 1.000 | 
0170 | 1.000 | 
0173 | 1.000 | 





0. 
12 
1,000 
0.0000 
11001 | 0.0000 | 1.000 | 
L 
| 0.0000 | 1.000 | 
| 0.0000 | 1.000 | 
0.0000 
7 
Table 2: Bus parameters of modified IEEE-14 bus system 













Bus | Voltage | Generated | Real Reactive | Dsvc 
Nos | (V) Power(P,) | Power Power 
Demand | Demand 
(Pa) 
0. 


[ras fo om Jom foo 
1 
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MATLAB platform. Conventionally, installation of one 
fact device increase the dimension of Jacobean matrix 
by one. In the proposed techniques dimension of 
Jacobean matrix is kept unaltered.The line flow 
equations are solved and checked for convergence after 
ensuring the convergence of load flow solution for 
small increment of the values of facts devices. Thus the 
number of equations to be solved in each iteration 
reduces and consequently takes less time. 


yes 
Set the initial value of facts devices 


Calculate Bus 
Admittance Matrix 


Find load flow solution 



















Advance 
iteration count 
and increase 

values of facts 
devices 









Test for 
convergence 


Fig.4. Flow Chart For Newton-Raphson Load Flow Program. 


Five cases are studied with the given example. The active 
power flows and bus voltage profiles for all the above 
-five cases are given in table nos. 3 &4 respectively. 


CASE-O: No facts devices are used. 

CASE-1: A series capacitor (FACTS 1) is connected in line 
number 3 to increase the real power flow of line.3 to 25 
MW. The optimal value of reactance of series capacitor is - 
0.0681 p.u. f 
CASE-2: A series capacitor (FACTS1) is connected in line 
number 3 to increase the real power flow of line 3 to 

25 MW and a phase shifter (FACTS2) is connected in line 
number 4 to increase the real power flow of line number 4 
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Table-3: The controlled line flows of modified TEEE-14 bus 
system: 


Fa Oe a del eel 


Line j Line | Line | Line | Line | Line 
Nos ~~ Sige Flows i oe 
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11.22 | 11.23 


Table 4: Bus voltages of modified IEEE-14 bus system : 


Case-0 | Case-! | Case-2 


Voltage | Voltage | Voltage 
No. 


L 
7 T 
S fioo tioi [oi fioi 
10029 [T 
trome fT 














029 
Fe ionas 


Ps 0 
-s ios os trons Tron 
[ia pinoa .0045 10066 f 100i fT: 
[11 | 1.0059 1.0081 
12 [0.9992 [0.9991 | 1.0016 | 0.9920_| 
foss fosos Toso Tosa fo 
to 30 MW.The optimal values of reactance of series 
capacitor is -0.1115p.u. and angle of phase shift is 
2.254 degree. 

CASE-3: A series capacitor (FACTS 1) is connected in line 
number 3 to increase the real power flow of line 3 to 25 
MW, a phase shifter (FACTS2) is connected in line number 


oe [ae 
o [1.0500] 
77.0200 
EECA 





4 to increase the real power flow of line number 4 to 30 
MW and an another phase shifter (FACTS3) is connected in 
line number 16 to increase its real power level to 35 
MW.The optimal values of three devices are respectively 0. 
1099 p.u, 2.1203 degree and 6.0172 degree. 

CASE-4: A series capacitor (FACTS1) is connected in line 
number 3 to increase the real power flow of line 3 to 25 
MW, a phase shifter (FACTS2) is connected in line number 
4 to increase the real power flow of line number 4 to 30 
MW „a second phase shifter (FACTS3) is connected in line 
number 16 to increase its real power level to 35 MW and an 
another capacitor (FACTS4) is connected in line number 6 
to increase its real power flow to 8.5 MW.The optimal 
values are found -0.1105p.u, 2.1203 degree, 6.0172 degree 
and -0.0358 p.u respectively. 


VI. CONCLUSION 


This paper presented a simple and efficient operating 
scheme of four FACTS Devices which helped to improve 
the line capability in a coordinated way. The simultaneous 
use of several kinds of FACTS devices is the most efficient 
solution to increase the system loadability. It is also 
observed that this algorithm helped to arrive at the optimal 
ratings of the FACTS devices for steady operation of a 
power network. The proposed algorithm works 
satisfactorily for larger systems as well . 
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Abstract— This paper presents the development of multimachine 
model in state space framework along with the STATCOM. The 
state space model of Multi Machine Power System (MMPS) has 
been obtained. The design of controller based on a novel state 
predominant concept utilizing the pole placement/LQR control 
has been proposed. The state predominant pole placement/LOR 
controller response has been compared with the classical design of 
STATCOM controller with a supplementary lag-lead controller. 


Keywords— FACTS, STATCOM, small signal stability, 
damping controllers, Phillips- Heffron model. 


I. INTRODUCTION 


I n the present scenario of growing power system, network 
stability has become a thought of great concern as power 

oscillations are very common phenomenon due to different 
operating and changing conditions prevailing in the network. 
The power transfer in an integrated power system is 
constrained by transient stability, voltage stability and small 
signal stability. These constraints limit a full utilization of 
available transmission corridors. Flexible AC Transmission 
System (FACTS) is the technology that provides required 
corrections of the transmission functionality in order to fully 
utilize the existing transmission facilities and hence, 
minimizing the gap between the stability limit and thermal 
limit. 


on the principle that a voltage-source converter generates a 
controllable AC voltage source behind a transformer-leakage 
reactance so that the voltage difference across the reactance 
produces active and reactive power exchange between the 
STATCOM and the transmission network. The STATCOM is 
one of the important FACTS devices and can be used for 
dynamic compensation of power systems to provide voltage 
support and stability improvement [1-4]. A unified Phillips- 
Heffron model [5] of a power system is established for three 
major types of FACTS devices such as Static VAR 
Compensator (SVC), Thyristor Controlled tek 


Series uae Coane and Thyristor Controlled Phase 


The static synchronous compensator (STATCOM) is based 


Shifter (TCPS). The model has been used for the analysis and 
design of damping functions of these three FACTS devices. 
Here, the Phillips-Heffron model [3] of power systems 
installed with a STATCOM is derived; which turns out to have 
the similar configuration as of unified model for SVC, TCSC 
and TCPS. There are fundamental differences between these 
FACTS devices. The first is between SVC and TCSC as 
controlled-impedance sources and the STATCOM and TCPS 
as controlled-voltage sources. The second difference is that 
STATCOM has been developed from a switch-mode voltage- 
source converter configuration with an energy-storage device. 

The Phillips-Heffron model of power system has been used 
for decades for the analysis and design of PSS [6, 7]. This 
paper proposes a mathematical model of STATCOM in multi 
machine power network. The application of STATCOM has 
come in the power utilities in a big way; however the design of 
the controller with best possible tracking characteristics has 
not been analyzed properly. The possible control variables are 
me and de contro] of shunt VSC which enables the reactive 
power modulation in accordance with the load variation. The 
tuning of the control variables needs an approach which is 
linked with the deviation of states such as rotor angle of 
machine A6, angular speed of the machine Aq, bus voltage of 
the generator AE,’, field excitation of the synchronous 
generator (AEpp) and the dc voltage of the dc link capacitor 
(AVa) of STATCOM. A good control scheme is one which 
provides sufficient damping to the deviated states in minimum 
time; this is true from control view point if all the states are 
damped accordingly. The design of the controller utilizing the 
LQR/pole placement control theory has been done based on 
this principle, in which the most deviated state 1s fed back with 
suitable optimal gain along with the required gain for the other 
states as well. This ensures good tracking of the signal with 
change in loading criterion. The paper presents entire analysis 
in a systematic way supported by extensive simulated results 
with suitable arguments. 


i. MATHEMATICAL MODELLING OF MMPS 


The block diagram of two machine system has been shown 
in Fig. 1 where G1 and G2, represents two generator, I), & lay 
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armature current, V,,& Vo terminal voltages, xi, & X2, are the 
transmission impedance which are connected between two 
. terminal. 5, is the torque angle between Eg and V,,, & is the 
angle between E4,and V STATCOM is connected between 
two generators. V, is the voltage of the bus where the 
STATCOM is connected, Vo is the STATCOM voltage bus 
after step down transformer (STD) where x, is the step down 
transformer reactance, Ij) is STATCOM current. 





Fig. I STATCOM installed in a two machine power network 


A. Linearized Equations of Generators 
The linearized equations of the generator are obtained from the 
fundamentals from Phillips Heffron Model [2, 6]. 
First Generator 
The equations are obtained as 


Ty = Ina fig Va = Vat Vig (1) 
Va = Vu (sind; + j cosô) (2) 
whered);=<(E qh Vy), (3) 


The armature current of the first generator in d-q components 
of the current are obtained as 


Kii sin(5,-5,)+ m eVa cos de (4) 
I P E ENE AEE ERSE EEEE EEE 
a (Xir + 22, + Xir Taky (1+ jag 
E'n- Yn cos(d, ~ 5,)~ Thm e Vy sinde (5) 
lia = e ae a eo ee 
(xy, + Xa, + Xz oer + (1+ ae a 
Initial torque angle of first generator is given as 
51 = sin” (TugXgeas-meV 4% 2,008(de))/(4¥ a) 6) 


where, Va is the STATCOM voltage and m, is the modulation 
index : 


Second Generator 

The equations are obtained as 

Ia = Lat jlatm Via = Voa + JV 2g (7) 
Vi2=V2(sind;+jcos 62) (8) 

Where, &=<(E qa Fid (9) 


The armature current of the generator in d-q components 
results as pai 
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: x ; 
Ea Vn Rese re mele sin de (10) 





Dira = x > 7 
(x + Xa + Xal poe od (1+ SRA pA 
V,,sin(d, —6,)+ UL meV, cos de 1) 
lir = x x 
(Xi + Xa tX et (1+ saa 
Initial torque angle of second generator are determined as 
3:=8in'(TaigXqees-mevas1,008(de)/xeV¥)) (12) 


d-q components of the STATCOM current can be determined 
from (4),( 5), (10) and (11) as Ipog and Irog. 


The first generator constants are calculated as 
Koz Waa =F aliy K Ia -Im Wa HG, ZA) | Ving + raha Xn Tea Mea cod - 4) 
n 
x, 


Xiá gost 


y Xat xX 
Kieth Vine an + xe), 
X geet 


K,,=1+ {x PE ius EPLET +x,) 


X geet 
Kae -xaT Lal ger T Xan )¥ a 8in(d, - 62) (13) 


X geet 


When STATCOM is installed in power network; Kye1, Kpde1 
are represented, the STATCOM control input constants, Kpdl 
is representing the STATCOM voltage control constant to 
control the power output of the first generator is obtained as 


K Hiu- Sahu XX — Zan Va Sin de Wag tinh Lenn a) Fa cos de 
m= + 


2X geet 2X cert 
K =e < ality Kun -Xm OV, osde y Ppl y + one Mg sinde 
a VAPE ys mi 
Ea Waa -1 aliy Xsan -Xu He SIN de Wag + Xalis Vg — Xy ecos de 
m= bs 
RX gui 2a ei 


(14) 
constants Kaer, Kode: are representing the STATCOM control 
input constants ‚Ka: is representing the STATCOM voltage 
control constant which is used to control the internal voltage of 
the generator. These constants are calculated to result as 
K ae Sam Xa EIT, — Xy,)mesin de 

T 2X a0 


K 2. a Xo) Yogi ~ Fae) Mee Sin de 


gei 
2X60 


(15) 


Axa Xp — MeV g CO8 de 
2X sent 


K gde): = 
Ks and Ke; are obtained as 


Kz UEP IV Lace + E aC — X,)) 
s 


Xen) 


Xgect Xai 


Ko l (16) 


Ky ne Vide Qu ~%, Wass - 5) Wag Vad x Sees Fay Wp CONG, ~B) 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


3 | mel sið ~ 8 Xcosde)xy, _ meV, cost; -AMin de) 
constants Kver Kwe are representing STATCOM control input Kpn “oy m 4 : m : 
and Kw: is representing STATCOM voltage control constant Š S: = 


which controls the terminal voltage of generator and given as K,, = (- 7 > 


j Zume conde 





Kae Viis [Vp Sigs Ap Wa 03de (Vay Fos aun ~ Xaa Wa Binde Cue Facer 
ert xe nst d ind 
Wns Valp tere, sinde (Ku Vi.) n Fan -n eV y Cos. de mesin de(mecosdeyx,,, , mecosde(me sin deyan, 
Koun = 2x, = pm Ky =( 3 ) 2X eet 2X goei 
‘dee 9 * a 
Vas Vin Xa -Xa CCIE (Vy IW (Sun Xa nesinde (1T) 4Ca |, mesin delme cosde)xy, p MEcasdetme singe iss. de) 
Kuan = 2 a ee 2X ares 2X pe? 
qi dr 
y, di di 
Ky, and Kg, are obtained as Kazin detmecosde yy, , Ta Cotde( men tela 
Reet 3 ) Kaus! Xarri 
- : : T 4Ca | ¥ sind d V cos de(mesin de)x, 
kK, =( 3_) meV, 10(5,- 5, Xcosde)x,,, meV, cos(d, - 5, Xsin de)x,,, T Tatindetmecordeltn , “acordem n ys 
n= 4C, P 7 dev en 


Koy = (CEEX, 608 de - laa Sin de) 
4C,, 





Kay = (~ poy žure eode mo meV, cosde(mecosde)tig meVasinde(mesinde)s,, ) (19) 
de X deot 3 2X geet i 
Similarly, the second generator constants are calculated as Nic)? meV, cosde(mecosde)x,,, meV, sin demesin de)x,., 
obtained for first generator and written as ef Ixa = apa 
Ka „Fu ~¥ aliy Aaa -Xa Wa A, 8), iag Iyali XX qa — Xe Mn OS-A) 
X2 Xi 
Ka = (+ Yosu +x) m. STATE SPACE MODEL OF MMPS 
2 . 
oo en The state space model of the MMPS with STATCOM can be 
Ky sly antat) derived to arrive in the form of 
X deer a . 
Ko = DOE aa = Sea tae = Fag Vn Sin (5, — 5) _X = Ax + Bu (20) 
ve ' Faena u= [ug ue] 

x Canale Wan An Va sinde (Ka + ala aga -Xea 08de where A is the state matrix, B is the STATCOM control input 

= te Wea matrix and Ug; & Ug, are the supplementary control inputs. The 


state matrix elements.can be found according to the relation 






p Va a Xua meV, cose | Vag + Fala X— aga + Ryn re Since : 
ga ee å ð, A 84 (21) 


yn 

ie Va- aba Ka ~Faa)mnesinde (Vag +x Nin, do, Aw, 

pez 2K deer over AE ,, A Ea 
koea Lantana mende AE mi AE p: POE 
2X deer AV a g [4 ] AKu $ [3 J Ade 

k= Cxar Sa CX agg — Xen) Ugg Bin de å S, A és, 

Ch oe 
2X 4002 Ao, Aa, 
K _ (X92 = Xaa (Xan ~ Xue) MeV, CO8 de A E's ae ee 
2 
m RXjeez A A E Saa AE fia 


where 6), œ, E'ùn Eg; are the state variable of the first 


UEP IV Kaar + ¥ aa Xe)) Ph > 
generator similarly 5; œ» Ey» Een are the state variable of the 


62 7 





X deer second generator, Væ is state variable of STATCOM. The 
Ky Cras! Vay -Aan 06,4) Vayl V2 ¥en Xan %a2% 6-4) control variables are me and de where me is modulation index 
Nee Xm of PWM based voltage source converter, de is firing angle of 
MAR ERALA 1V3)% aua- sinde Voltage source converter. 
Ka Aas aoe a Aaa" The state matrix of first generator is 
Xm d? 0 o, 0 0 0 
Kut ( = yV, sinde a aa -žu -2 -Žu 0 S nie 
` 1 i i [i 
Waa [Vaala Iu ne cose (Vir, 1g 423a ~Ia e sin de [4]=| - z o -Ea : = ne 
K= maga mate N ngi ar dN da de T 40; T ao T gn T 401 
a ca 2a Kaks o „KaKa l Kaku 
Tar ` Ta Ta Ta 
i ` Ka 0 Ky 0 -K, 
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0 0, 0 0 0 
-n (Pi _*n 0 Ke: 
M, M, M, M, 
[A:]= -Zu 0 soe st -Ze z 
T am T 40 T aa T 02 
K aKa 0 Kak l Ky kia 
Ta: Taz Ta Taz 
Ky 0 Ky 0 -K, 
o oOo 0 0 
o o 0 0 
[A] o o 0 0 
o o0 oO 0 
[A]= 
00 0 0 
o0 0o 0 [A] 
0 0 oO 0 
0 0 0 oO 


The state variables have been expressed in A as small 
perturbation. The control input matrix of first generator is [Bj], 
control input matrix of second generator is [B3]. 


0 0 0 0 
Ke Kaas, Keer Keer 
M, M, M, M, 
B=) Ka — Kga B,=| Kea K pez 
T 0 Tio T am T iw 
Kaki KaK Kuka KaKa 
Ta Tas Ty Ta 
[2.] 
[8 ] a K ce K cde 
Ls. ] 


For the system with supplementary control Hg] &u E2 the 
equation can be written as 
X = Ax+ But Bru, (22) 
Where A is system state matrix, B is STATCOM control 
input matrix and Bg is supplementary control matrix, so A, the 
controlled system matrix. [A,;] and [A.] are the controlled 
system matrix of the first and second generators respectively 


0 0 
0 0 
[4] 0 o 
of 
[ iJ 0 hi 
K A Kogo M AL 4 

M, M, M, M, T 
Koki, K Kk g Kokan Kag 1 
Mi, Mh Mi; Mh h R | 


0 0 
0 0 
[4] 0 0 
0 Ka 
Ta 
[Aal= 0 0 
Xa -D a o Ža aS 0 
M, M, M, M, Te 


Kokia Kabia Kokila 9 Kakma Kag Thy 1 


MIn Maly Mlo Mn Ta T% Th 
0 0 0 0 
0 0 o o0 
[A.: ] 0 0 o 0 
0 0 0 0 
[4.]= 
0 0 0 0 
0 0 0 0 [an] 
0 0 0 0 ; 
0 0 0 0 


IV. CASE STUDY OF MMPS 


The case study of the sample system [2] has been carried out 
with STATCOM with the concept of state predominant 
approach in which the large deviated states are highly 
weighted compared to other states. Both Pole placement and 
LOR control approach have been studied on the sample power 
system. 
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Fig. 2 Response of supplementary controller (a) 5; 
- and (b) & 
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Fig. 3 Response of state predominant pole 
placement controller (a) ô; and (b) 82 
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(b) 
Fig. 4 Response of state predominant LOR 


controller (a) 6; and (b) 82 


V. CONCLUSIONS 


This paper develops a state space model for MMPS. This 
model has been used to design the controllers based on-state 
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predominant approach. The simulation study reveals that the 
concept of state predominant will be an effective control 
Strategy to have the cost effective controllers along with 
adequate damping characteristics within minimum acceptable 
time and peak over shoots. This can be used in power system 
oscillation damping in open access power system. The design 
of the reactive power controllers for multi machine case with 
the supplementary control strategy, Pole Placement Design and 
LQR approach based on the state predominant concept has 
been carried out. The concept of state predominant has been 
introduced that is linked with the changing weights of Q matrix 
as the states are deviated most. The system control design must 
be carefully carried out with changing dynamics of either side 
machine or even transmission line in which the STATCOM 
has been embedded. The most vulnerable state variable is Eq’ 
at either side and need to be properly regulated with suitable 
feedback. However, the Va is also resulting to abnormal value 
during control (in case control response time is kept relatively 
small as design criterion) and needs proper control while other 
state feedback variables are maintained. The most deviated 
states have been attached very large weight which implies that 
the large gain will provide the high priority to the signal 
concerned for regulating the system dynamics. This is to 
mention that with the concept introduced for LOR design, the 
settling time of the response is well defined and also the only 
compromise has to be made in magnitude of peak 
overshoot/undershoot. In order to obtain the fast/minimum 
settling time for a given perturbation, the peak 
overshoot/undershoot will certainly increase. Since LOR 
control is the optimal contro] based on the state feedback, the 
stabilization of the system is guaranteed and moreover the 
system control tracks the error dynamics fast compared to 
other controllers proposed. 
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Abstract—When a stressed power system is subjected to a 
disturbance, it exhibits complex dynamic behavior., The 
complexity of this behavior depends on the power system 
structure, system loading, and type and location of disturbance. 
The approach presented in this study provides an analytical 
functional relationship describing the nonlinear coupling between 
the natural modes. This fonctional relationship is demonstrated 
here for system with second order nonlinearities. By using the 
normal form of vector fields approach, an explicit solution which 
contains nonlinear information explicitly, up to the order in 
which the analysis is carried out, is obtained. 

In this paper, a comprehensive analytical technique based on 
normal form theory is proposed for the study of nonlinear 
interaction in stressed power system incorporating FACTS 
controllers. Emphasis is being placed on the analysis and 
simulation of STATCOM at critical system buses which is new in 
the literature. A second order representation of the power system 
is derived that considers the explicit representation of 
synchronous machines and STATCOM in the state 
representation. On the basis of this model, normal form theory is 
used to study nonlinear power system behavior following large 
disturbance. A simplified 4-machine, 2-area test system is used to 
illustrate the proposed methodology. 


Key words— Normal Form, Nonlinear dynamics, STATCOM, 
Stressed Power System 


I. INTRODUCTION 
OWER system is inherently a nonlinear system. It is a 
general practice in small signal analysis to linearize the 
dynamic equations of this system and deduce dynamic 
behaviors and stability properties and design controllers based 
on linear system theory. The stressed power system following 
a large disturbance, exhibits complex dynamic behavior, not 

detectable from linear system analysis[1]. 


The analysis of small-signal behavior involves the study of 
system characteristics in the vicinity of essentially stable 
equilibrium points. However, small-signal stability analysis is 
based on a first-order (linear) approximation of the nonlinear 
power system differential-algebraic equations im the 
neighborhood of an operating point. It bas been suggested that 
in certain cases, such as when the system is stressed, linear 
analysis techniques might not provide an accurate picture of 
the power system modal characteristics and complex 
phenomena, involving interaction between the fundamental 
modes of the system may occur[2]. 

A number of recent studies [3-5] have shown that under ' 
certain ranges of operating conditions the system modes may 
interact nonlinearly leading to second (or higher) order 
resonances and hence the onset of more complex dynamical 
phenomena. It is shown that some oscillation frequencies may 
appear in stressed power systems which are not predictable by 
linear modal analysis. This makes techniques that extend the 
domain of applicability of small-signal stability analysis an 
attractive proposition for advancing the understanding of 
power system dynamics. Recently, the technique of normal 
forms of vector fields has been used to analyze the complex 
behavior of the power systems [3-7]. With this technique, it is 
possible to obtain the simplest form of a set of non-linear 
differential equations and hence, to identify and study the 
nature of system oscillations using conventional linear analysis 
methodologies [8-9]. 

The study of nonlinear modal interaction arising from the 


‘ application of FACTS devices on the transmission network, 


however, has not been satisfactorily addressed [10]. In this 
paper, an analytical technique based on normal form theory is 
proposed for the study and control of non-linear oscillations in 
power systems incorporating FACTS controllers. Emphasis is 
being placed on the analysis and simulation of STATCOM at 
critical system buses. 

The remainder of the paper is structured as follows. In 
Section II the system dynamic model are discussed and the 
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dynamic equations are obtained. Sections DI briefly review 
normal form technique method and show the solutions of the 
differential equation obtained using these method. The 
proposed procedure is demonstrated on a sample 2-areas test 
system and the analytical results are shown and discussed in 
Section IV. The conclusions of the work are presented in 
Section V. 


2 


POWER SYSTEM MODEL 


The electrical network obtained for an n-machine system is 
as shown in Fig. 1. Nodes 1,2,...,n are the internal machine 
buses. The magnitudes E; , i=1,2,...,n are held constant during 
the transient in classical stability study. A number of 
assumptions are made in the classical-machine-model analysis 
of this paper: mechanical power is constant; loads are 
represented by constant; and impedance is reduced to 
generator terminal [11]. 






Transmission 


Fig. 1 Representation of a multimachine system (classical model) 


A. Generator Model 
The generator equation for the classical model are given by 


@ 
OF [P,, - P,- D,o, ] (1) 


8 =0, -0 i=1,2,...,7 (2) 
Where Pa is the power into the network at node i, œ, is 





rotor speed of generator i, 5, is rotor angle of generator i, D, 
is the damping factor and œ, is synchronous speed. 


B. STATCOM Model 


The implemented STATCOM model is a current injection 
model [12]. The STATCOM current is always kept in 
quadrature in relation to the bus voltage so that only reactive 
power is exchanged between the ac system and the 
STATCOM. The dynamic model is shown in Fig. 2. The 
differential equation and the reactive power injected at the 
STATCOM node are given, respectively, by 


isu = KW -v)- igy | (3) 


Q=-igV (4) 
Where K, is the STATCOM gain, T, is the time constant of 
STATCOM and Veer is the reference voltage. 


Ke aoe 


Fig.2 STATCOM circuit and control block diagram 


Then the state vector is given by 
X =[5, ð, 8, O Oy +O, isa isma isin] (5) 


II. NORMAL FORM 

The dynamic equations governing the generators an the 
STATCOM have the general form 
X = F(X) (6) 
where X is the state vector and F is an analytic vector field. 

We expand (6) as a Taylor series about a stable equilibrium 
point Xsep and obtain using again X and x, as the state 
variables. 


å =4x+ZX7H'X +H.OT (7) 
where A, is i, row of Jacobian A which is equal to . 
OOF x r 7 
aBel, n- EE | is Hessian matrix. 
J 4 Xar 


Denote by J the (complex) Jordan form of A, and by U the 
matrix of the right eigenvalues of A. Then the transformation 
X=UY yields for the linear and the second order terms of (7) 
the equivalent system 


N N 
¥, =4,9,+¥ ¥ A77 (8) 
k=l fx] 
where 
cl} vzv"a*u]- [cz] (9) 
2 pal 


and V denotes the matrix of associated left eigenvectors. If the 
second order non-resonance condition holds, i.e. if A, +A, =A, 


for any combination of eigenvalues of A, then the normal form 
transformation of (8) is defined by [4], [6] 
Y =Z+h2(Z) l 
where 

N 
h2?(z)= >) X, k2}, Z,Z 


k=l fe 


(10) 


a1) 


(12) 
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In Z-coordinates, the system (8) takes on the form 
Z,=A4,2, (13) 

(13) together with the nonlinear (2™ order) transformation 
(10) describe the simplest 2“ order approximation of the 
system (6). This procedure can be continued with higher order 
resonances and corresponding transformation. Large h2 
coefficients describe a strong functional dependence between 
the corresponding modes. This fact can be seen from writing 


the solutions of (13) explicitly 
àt 


Z (=Z (G= N) (14) 
The solution for (8) are then given by 
N N 
y,Q)=Z,e% +Y Y, h2 Z, Ze? (15) 


kei lal 
where Zo is the initial condition of the normal form variable z;. 
For the solution of the original system (6), (15) yields 


N 
x(t) => uZ,e" + 
y= 


Mo pa a (16) 
Bld $ nay 7,7, ee 
jal kal fmf 
where 
Y¥,=U"X, (17) 
Z, =¥,-h2Z,) (18) 


Previous work [3-7] shows that the presence of nonlinear 
modal interaction has strong impact on system performance. 
To quantify the extent to which modes interact nonlinearly, use 
the interaction index (M) defined in [6], [13]. The relative 
amount of the second-order nonlinearity at mode j can 


computed by |y,(0|. By insertion (14) and (15) and some 
a 


simplification 


max h24 Z, Z, 
ir = kd k 
of 


where max, ,h2},Z,,Z,, is the complex form when the largest 


(19) 


values of aziz TA occurs. This index is also measures of 
normalized magnitude of nonlinear interaction. 


TV. CASE STUDY 


The developed procedures are applied to the 2-area, 4-machine 
test system from [14], modified to consider different operating 
comditions. Fig. 3 shows a single-line diagram of the system 
under investigation. The generator data and system parameters 
are given in the [13], [14]. 

A. Simulated Conditions 

An ample range of operating conditions was simulated to 
fully characterize nonlinear behavior and modal interaction. 
To stress the system, the load in Area 2 was increased in 
discrete steps. The load in Area 1 was then modified to 
achieve a given tie line power transfer. 

From this analysis, two main operating scenarios to 


investigate the presence of nonlinear modal interaction were 
examined: A base condition with a 300-MW power transfer 
between the interconnected areas and a high stress condition 
obtained by increasing the level of power transference to about 
400 MW. Table I summarizes the operating conditions for the 
above operating conditions. For 0.31 second one of the lines 
between buses 5 and 6 is opened and then closed to simulate a 
fault. Increasing fault-on time to 0.32 second made this system 
unstable. For the purpose of analysis, a single STATCOM was 
placed in the system at bus 5. The method introduced in [9, 
15] is used to implement STATCOM. For STATCOM T, is set 
to .05 second and three STATCOM control gain, K,=1, 
80,160, are used. 





B. Linear Analysis 

Table 2 shows the system eigenvalues obtained from linear 
part of the normal form analysis. These eigenvalues are for 
base condition and K,=1. Fig. 4 depicts the root-loci of 
electromechanical modes showing the effect of STATCOM on 
system damping. It is seen that STATCOM improves the 
damping of inter-area modes 6 and the local plant mode 4 and 
has a small positive contribution to the local plant mode 2. 


1 
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Fig. 4 Root-loci of system electromechanical modes 


C. Nonlinear Modal Interaction 


The procedure developed in Section I was used to quantify 
nonlinear modal interaction between the STATCOM control 
mode and the electromechanical modes. Table 3 synthesizes 
the two largest second-order normal form coefficients 
[a24 | along with the product zi, Z WA associated with critical 


modes as a function of the STATCOM gain. A large value of 
the product [a2;, z wZ,| Compared to the term z? indicates a 


strong interaction between mode j and modes k and 1. The 
analysis of second-order normal form coefficients in Table 3 
reveals a strong nonlinear modal interaction between inter-area 
mode 6 and the STATCOM control mode | especially for high 
STATCOM gains and stressed operating conditions. The 
mechanism of interaction was found to be rather complex and 
depends on several factors such as the control setting and the 
system operation condition. It is also noted from this analysis 
that the STATCOM control mode 1 interacts with modes 6 and 
the local mode 4 revealing the importance of STATCOM on 
system damping. 
Table 4 Nonlinear modal interaction index for Stressed condition 


|ModeJ | Kel | K-80 | K=160__ 












| 6 | 1.0320(6,9) | 0.2263(6,7) | 0.1979(6, 
| 9 =| 25834(6,7) | 4.9907(6,7) | 5.0487(6,7 


Table 4 depicts the interaction indices as a function of the 
STATCOM setting. The analysis of interaction indices 
confirms previous findings revealing a strong interaction 
between the STATCOM mode and inter-area mode 6. Clearly, 
for the study system, interaction coefficients increase for high- 
gain operation of the STATCOM indicating a greater 
contribution of the STATCOM to system nonlinear 
performance. Furthermore, eigenvalues analyses suggest that 
increased nonlinear interaction actually helps in enhancing 
system stability. Time domain simulation is presented in Fig.5 


for various STATCOM gains and different operation condition 
for one of the state variables. 











a K] F] A *% E] EJ OAs w tn C) EN 
h) Stressed Case, K=160 g)Base Case, K=160 


Fig.5 Relative rotor angle of generator 1 in different operation condition 
and different STATCOM gain 


V. CONCLUSION 

This paper reports on the experience in the study of 
nonlinear modal interaction in stressed power systems using 
STATCOM. A second order representation of the power 
system is derived that considers the explicit representation of 
synchronous machines and STATCOM in the state 
representation. Study experience shows that STATCOM can 
influence nonlinear system behavior especially under stressed 
condition and high STATCOM gains. STATCOM's control 
mode can significantly interact with inter-area mode and also 
local modes. This modal interaction can actually aid to 
enhance system stability. 
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Abstract In this paper a mathematical model of static 
synchronous series compensator (SSSC) in a single machine 
infinite bus power system is proposed. This model can be used for 
a detailed performance analysis of power system oscillations 
damping capabilities of SSSC, under different line loading 
conditions and under different reactive power requirements of the 
system, and can be used in order to design SSSC based damping 
controller. j 


Index Terms— FACTS, SSSC, small signal stability, damping 
controllers, Philips- Heffron model. 


I. INTRODUCTION 


LE AC transmission systems (FACTS), which are 
the result of recent rapid development in power electronics 
technology, are being put in use in modern power systems 

for providing power transmission capacity enhancement and 
improvement of system stability. With their use it has become 
easily possible to improve both the dynamic and static 
performance of the power system [1, 2]. There are many 
types of FACTS devices, such as Unified Power 
Flow Controller (UPFC), Static Synchronous 
Compensator (STATCOM), Static Synchronous 
Series Compensator (SSSC), Thyristor Controlled 
Phase Shifter (TCPS), Static Var Compensator 
(SVC), etc. All of these devices can be used to 
improve power flow over the transmission line and 
power system oscillations damping [3, 4]. The SSSC 
can be implemented through static synchronous voltage source 
converter (VSC). The VSC is simply an array of solid state 
switches operated from a dc voltage source so as to produce a 
three phase set of synchronous, nearly sinusoidal output voltage 
with independently controllable amplitude and phase angle. From 
the basic physical law, amplitude and angle control implies the 
capability of VSC to exchange active and reactive power at its ac 
output terminals. Since the input terminal of VSC is de, it clear 
that only the active power it exchange can be supplied from these 
terminal. Hence VSC can be considered as an ideal generator that 
can be operated with small dc capacitor in self-sufficient manner 


to exchange reactive power with ac terminal. SSSC is VSC 
connected in series with power transmission line through a 
transformer, produces a controllable voltage in quadrature with 
the line current and has the bi-directional compensation capability 
ie. the capability of dynamically changing its reactance 
characteristic from capacitive to inductive mode. When SSSC 
inject an ac voltage leading the line current it emulates an 
inductive reactance in series with transmission line causing power 
flow as well as the line current to decrease as the level of 
compensation increases, now SSSC is operating in inductive 
compensation mode. If SSSC inject an ac voltage lagging the line 
current it emulates an capacitive reactance in series with 
transmission line causing power flow as well as the line current to 
increase as the level of compensation increases, now SSSC is 
operating in capacitive compensation mode. The SSSC can 
exchange real power with transmission line, when injected 
voltage is having an angle other than 290° , with line current. The 
exchange of real power requires the dc terminal of SSSC to be 
coupled with an energy source or sink. Thus SSSC is one of the 
important ‘FACTS’ devices and it can be used for dynamic 
compensation of power systems to provide voltage support and 
stability improvement, damping of low frequency power system 
oscillations [5]. The damping function of SSSC is required to 
be investigated thoroughly for the proper on line applications 
in the changing operating point conditions. 

The Phillips-Heffron model of power system bas been 
used for decades for the analysis and design of PSS [7, 8]. 
This paper proposes a mathematical model of STATCOM in 
single machine infinite bus power network. Here the linearised 
Phillips-Heffron model of the power system installed with 
STATCOM, developed by linearizing the non-linear model 
around operating point is being used. The application of 
proposed model has been demonstrated by taking an example 
of SMIB power network 


iL SINGLE MACHINE INFINITE BUS NETWORK 


Figure 1 show a single machine infinite bus power system 
installed with SSSC. The SSSC based on pulse width 
modulation (PWM) technique is being considered, as in figure 
1, it consists of a solid-state synchronous voltage-source 
converter VSC series connected through a transformer BT 


having leakage reactance X, and DC capacitor Cpe. The 
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VSC generate a controllable AC voltage. Here m, and 6, are 
the two input control parameter of the SSSC, where 
m,- Amplitude modulation ratio and Ô, -Phase angle of series 


VSC. Figure 2 shows the equivalent circuit of SSSC, where the 
series connected converter VSC and the transformer BT has 


been replaced by a synchronous voltage source V} in series 
with the transformers leakage reactance X, . 





my Sp 
Fig.2 Equivalent circuit of SSSC. 


UL PROPOSED MODEL OF SSSC 
Consider DC link, phase ‘a’ of transformer ET and the 
corresponding arm of VSC-E then the expression for voltage is 
VBa = kampV a cos( Ot — Ôp ), the expression for voltage 
of phase ‘b’ and ‘c’ are similar but have phase shift of 27/3 
and 47/3 respectively. The dynamics of DC link capacitor is 
Wc 1 : : 
——=——I g,. On applying Park’s transformation 
dt C de 


dynamic model of SSSC is [7] 


Vp =k, Vace!” 0) 
ON a: adde BMD: 


I Ôp +1, sind 2 
a Cy Ca Sale q Sindy J (2) 


The following expressions from figure ! are very clearly 
evident 


V, = jX æ l+ Ver 6) 
Ver =Vg+ JX py 11+ JX py 11+ Vp 9 
V, = jE} — jl4X4 +1qXq 6) 


Making use of above equations from | to 5 the d- and q- 
components of I, and / p are obtained as 


Ti 1 1 
I, =——E, -——V, cosd -——-km, V,_ sind, (6 
d Xs q Ka b Xz b’ de b (6) 
1 - 1 
I, =——V, sin ô + —— km, cos ô, Vy (7) 
s X bg Xy 


Whee X,,=Xpy,+X +X 
X gg =Xp t+ Xt Xe 

The non-linear differential equations from which the well 
known Phillips-Heffron linear model of a single-machine 
infinite-bus model is derived [8, 9] are 


5=0,AM (8) 
. P. -P -DAO 
Re ae ee) (9) 
2H 
. (CE, +E 
jee Be) (10) 
Tı 

. K,(V,, -V,) 

Eo =Re g(s ~V joe fete 11 
qe g(s\Vin -V,) (+ sF) (11) 
: : 2 eee 

E,V, sind Vý (x, —x,,)sin26 
Where Pp, =—28-—___b “4d 
XD 2X oy X og 
N X Eg _ Gig ->g Wp 0088 
q7 t , 
X az. XD. 
xq¥, sind X,Eq V,x,cos6 
Vid = > tq = + 1 
X 
qh Xa, XE 
Xqz =XgtX L 


Xas =xgt Xp 
Where X, is the impedance of the transmission line, and the 
transfer function of the voltage regulator Reg(s) is assumed to | 
be first order linear loop. When a FACTS device is installed in 
system above equations, (10) to (13) must be modified in order 
to analyze the effect of device on the system performance. 
Linearizing equations (2), (6) and (7) and the non-linear 
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differential equations (8) to (11) of the power system and 











making use of the following current equation 
I, =1, + jI, the linearised model is obtained as 
A x= AAx+BAu a2) 
Að 
oo Am 
Where Ax=| AE, Au = F 4 
b 
AE pp 
AV, 
0 Ol 0 0 0 
“Ai -D -K bi K pd 
M M M M 
-K4 -K3 1 “Kad 
Asp =r QO. sa aa f 
T40 Tao Tao Tao 
a a A. a E Sata 
Ta T, Th TA 
K am 
7 0 Kg 0 Ky 
0 0 
K ob K odb 
M M 
B = ' ' 
T40 T40 
KaKo KAKydb 
Ta Ta 
Kob K cab 
From equations (3) and (5), we can write 
„Ve = JEg~ aX atl gXq- IX el; 
= jEg~ jlgXqt1qXq-iX ea + ilq) 
Ve, = jEq~ ilaXqtlgXq-iXmlat Xl, (13) 
Also, we can write 
V EV Bt JX bbl rtVp 
=(VBd + İVga)+ JX bb lld + Jl q) 
+ Vp sind + jVp cosd 
Where Xpp =Xp+X py 
Va =Vag + ÌV + IX wla IXu 
+V, sind + jV, cosd (14) 
From equations (13) and (14), on equating real and 
imaginary parts we have 
Vea = Xola- Vo sind (15) 
Vag =E, -Xp l4 —V, cos ô (16) 


From equation (1) we can write, 


Vs =km,V,,(cosd, + jsind,)=V,, + IV, (17) 


Hence from equations (19) on equating real and imaginary 
parts we can write for SSSC input control parameters mp , dp 


as, 
Wve +V? 
m, = 1 (18) 
kV, 
V 
6, = tan” tal (19) 
Voa 


On placing values from equations (15) and (16) into 
equations (18), linearizing and making use of the linearised 
equations for J, and /4,after some mathematical 
manipulations one can write 
NiAm, + N8A6, = N9AE, 

+ NIOAV,, + N11A6 (20) 


On placing values from equations (15) and (16) into 
equations (19), linearizing and making use of the linearised 


equations for J, and J4,after some mathematical 
manipulations one can write 
M5Am, +M6A6, = M7AE, 

+MB8AV,+M9A6 2D) 


From equation (20) and (21), one can write mp and 6, in 
terms of the state variables hence in matrix form 


ly Au |= [Zz Jax] 
N7 N8 
M5 


i 0 N9 0 i 


(22) 


Wise | 


M9 0 M7 O0 M8 


The values of the elements of matrices Y and Z are given in 
appendix 2. 

From equation (22) and equation (12) the following can be 
written 

Ax= Ayew [Ax] 

Where Apgy =[A+ BY 'Z] 

The proposed model, given by equation (23) above, can be 
used for detailed performance analysis of SSSC installed in 
single machine infinite bus power network. For the derivation 
of homogeneous model of SSSC installed in multi-machine 
system, the same procedure is required to be followed, the 
difference is while writing equation (3), (5) and (13), (14) due 
care must be taken, they are required to be written for the 
multi-machine case. 


(23) 


IV. SIMULATION RESULTS 


In order to investigate further and to demonstrate 
effectiveness of proposed model, an exampié power system is 
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Degrees ---> 


1.0e+002 * 


-2.8298 
-0.9061 
-0.0193 + 0.199 1i 
-0.0193 - 0.199 1i 
-0.0135 
1.0e+002 * 


-2.8287 
-0.9081 
-0.0183 + 0.1970i 
-0.0183 - 0.1970i 
-0.0146 

1.0e+002 * 


-2.8275 
-0.9103 
-0.0172 + 0.1941i 
-0.0172 - 0.1941i 
-0.0157 
1.0e+002 * 


-2.8262 
-0.9126 
-0.0163 + 0.1902i 
-0.0163 - 0. 1902i 
-0.0167 


1 


Table 1: Eigenvalue obtained from proposed model 


1.0e+002 * 


-2.5459 
-0.8592 
-0.0322 + 0.1430i 
-0.0322 - 0.1430i 
-0.0135 

1.0e+002 * 


-2.8805 
-0.9055 
-0.0168 + 0.1875i 
-0.0168 - 0.1875i 
-0.0205 
1.0e+002 * 


-2.9043 
-0.9132 
-0.0156 + 0.1866i 
-0.0156 - 0.1866i 


-0.0105 - 0.1943i 
-0.0240 





15 
Time (gec) —-> 
Fig.3: Variation of AO 


taken, parameters of which are given in appendix 1, detail 
performance analysis has been carried out. In any power 
system, transmission line loading varies over wide range; 
hence it is extremely important to investigate effect of 
variation of line loading condition on dynamic performance of 
system. Keeping in view of this fact, eigenvalue from modified 
model has been calculated on line loading of 0.8pu, 1.0pu, 
1.2pu and 1.4pu, refer to table 1. It has been observed 


0 05 1 15 2 25 3 36 
Time (sec) ---> 


Fig 4: Variation of A@ 





o os 3 ts 2 26 3 73s 
Time (sec) -—> 


Fig.5: Variation of AE, 





G 02 04 Os 08 1 1.2 14 18 18 2 
Time {sec) -—> 


Fig.6: Variation of AE Fad 


that eigenvalue as obtained from model of system as given in 
equation (14), refer to column 2 of table 1, and the eigenvalue 
as obtained from proposed model of system as written in 
equation (23), refer to column 3 of table 1, are not having any 
appreciable difference. This fact strongly establishes and 
validates effectiveness of proposed model. Figures 3 to 7 show 
initial condition response of example power system as 
obtained with proposed model of SSSC. 
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~ 0 05 1 16 2 26 
Time (sec) —-> 


Fig.7: Variation of AV, 


V. CONCLUSIONS 


This paper presents a mathematical model of SSSC installed 
in single machine infinite bus system. The proposed model can 
be used for detailed performance analysis of power system 
oscillations damping capabilities of SSSC under changing line 
loading conditions and reactive power requirements of the 
network. The tuning of the control parameters mp and 6, of 


SSSC can be done utilizing this model. This_concept of 
modeling can be extended on the modular basis i the multi- 
machine system. me 


APPENDIX | 
X4 =10,X, =0.6,X, =0.3, X, =0.03, X, =0.03 
X = 0.3, X py =0.3,C,, =300uF Ve =1.0, 
E, =1.024,Typ = 5.044sec, Vp =1.0,5 = 40° 
M =8.0,D =0.0,K, =10.0, T, =0.01sec, 


APPENDIX 2 
N7 = N1- N4.D5- N5.Q5 
N8 = —(N4.D6 —- N5.06) 
N9 = N3+ N4.D1 
N10 = N4.D4+ N5.Q4-—N2 
N11=N6+ N4.D3+ N5.Q3 
M5=-(M2.D5+M3.05) 
M6=M1-M2.D6-M3.06) 
M7=1+M2.D1 
M8=M2.D4+M3.04 
M9=M4+M2.D3+M3.Q3) 

The parameters used in above equations are given as under 

N1=2k V m; N2=2k?V,,m,” 
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N3=2E, -2V,cos6 -21,X,, 

N4= 2X31, +2X aV, cos —2E,X,, 
N5=2X;1, -2X „V, sind 

N6 = 2E,V, sind — 21, X „V, sind — 21, X „V, cosd 
M1=1,X,, sec’ ô, —V, sind.sec’ 6, 

M2=-X,,; M3=~-X,, tand, 


M4=V, sin ô + V, cos ô. tan ô, 


Di=1/X,,; D2=-D1; D3 = D1 V, sind 
D4 = D2.k.m,.sind,; D5=D2kV,.sinô, 
D6 = D2.k.m,V,,c0s6,; Q1=1/X„ =Q2 

Q3 = Q2V,.cosd ; Q4 = Q1.k.m,.cosô, 

Q5 =QLKV,,.cosd,; Q6=—Ql.k.n,V,,.sind, 
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Abstract—- The paper presents a comparative analysis of the 
approaches namely Minimum Singular Value (MSV), Hankel 
Singular Value (HSV), Direct Component of Torque (DCT) and 
residue for finding the most appropriate control input parameters 
of Static Synchronous Series Compensator (SSSC) for damping 
power system oscillations. The basic objective of the paper is to 
identify the control parameters of SSSC in order to provide 
damping in power network with changing system conditions. The 
results presented in this paper are studied widely on single 
machine infmite bus. The results show the suitability of this 
approach in tuning the SSSC control parameters. 


Keywords-FACTS, SSSC, Damping controllers, 
Heffron model. 


Phillips- 


I. INTRODUCTION 


NCREASED demands on transmission, absence of long- 

term planning and need to provide open access to generating 

companies and customers have created tendencies toward 
less security and reduced quality of supply. The FACTS 
technology is essential to alleviate some but not all of these 
difficulties. The FACTS technology opens up new 
opportunities for controlling power and enhancing usable 
capacity of present, as well as new and upgraded, lines. The 
possibility that current and therefore power through a line can 
be controlled enables a large potential of increasing capacity 
of existing lines. These opportunities arise through ability of 
FACTS controllers to control interrelated parameters that 
govern operation of transmission systems including series 
impedance, shunt impedance, current, voltage, phase angle and 
the damping of oscillations. For operational reliability and 
profitability more efficient utilization and control of existing 
transmission system infrastructure along with interconnection 
is required. When large power systems are interconnected by 
relatively weak tie lines, low frequency oscillations are 
observed. These oscillations may sustain and grow which may 
result in system separationin case of inadequate damping. 
FACTS devices may be beneficial in utilization of existing 
transmission system infrastructure along with fast damping of 
low frequency oscillations as well. It has been well recognized 


that FACTS devices are adequate for permitting existing 
transmission corridor to be loaded without degrading both the 
dynamic and static performance of network. It has been 
strongly established and proved that these FACTS based 
stabilizers [1, 2] can offer an alternative choice to power 
system stabilizers (PSS). There are many types of 
FACTS devices, such as Unified Power Flow 
Controller (UPFC), Static Synchronous 
Compensator (STATCOM), Static Synchronous 
Series Compensator (SSSC), Thyristor Controlled 
Phase Shifter (TCPS), Static Var Compensator 
(SVC), etc. These devices can be used to improve 
power system oscillations damping [3, 4]. SSSC is 
solid state voltage source inverter, which generate controllable 
AC voltage connected in series with power transmission line in 
power system. The injected voltage is in quadrature with line 
current and emulates capacitive or inductive reactance so as to 
have effect on power flow through transmission line [5, 6]. It 
can be used for effective and efficient power flow control, 
loop-flow control, enhancement of transient stability, 
mitigation of low frequency power system oscillations and 
voltage (reactive power) regulation. The damping capabilities 
of SSSC need through investigation for proper on line 
applications in changing operational environment of power 
network. The Phillips-Heffron model of power system has 
been used extensively for analysis and design of PSS [7, 8]. 
For small signal stability studies of single-machine infinite-bus 
(SMIB) power network, linear model of Phillips-Heffron has 
been used for years, providing reliable results. Although model 
is linear, it is quite accurate for studying low frequency 
oscillations and stability of power systems. It has also been 
successfully used for designing and tuning classical Power 
System Stabilizers. 

In this paper Phillips-Heffron model of SMIB power system 
with SSSC, developed by linearising non-linear equations 
around nominal operating point has been used. Since small 
signal stability is essentially viewed as stability affected by 
perturbations valid within boundary of nominal operating point 
domain, linearised power system model is relevant for system 
studies mapped in domain of small perturbations. In this paper 
eigenvalue analysis technique has been used as this is powerful 
tool for analyzing oscillatory instability and yields information 
about frequency and damping of each oscillation mode. 
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I. SSSC IN POWER NETWORK 


Figure 1 shows single machine infinite bus power system 
installed with SSSC. Main circuit of SSSC based on pulse 
width modulation (PWM) technique consists of series 
connected transformer BT, solid-state synchronous voltage- 
source converter (VSC) and DC capacitorC,,. Herem, and 
5, are two input control parameter of SSSC, where 
m,- Amplitude modulation ratio and ô,- Phase angle of 
VSC. Figure 2 shows equivalent circuit of SSSC in figure 1, 
where series connected VSC and transformer BT has been 
replaced by synchronous voltage source V, in series with 
transformers leakage reactance X,. Considering DC link, 
phase ‘a’ of transformer BT and corresponding arm of VSC 
then expression for _ Voltage is 
VBa = kmpVd- cos(a -ôp), here k is constant depends 
upon converter structure. The expression for voltage of phase 
‘b’ and ‘c’ for VSC are similar but have phase shift of 27/3 
and 47/3 respectively. The dynamics of DC capacitor is 
Nacl; dc. On applying Park’s transformation on 

dt Cdc 
three phase equations of SSSC, dynamic model of SSSC is [9] 


VB = kmp Vgc ; : (1) 
Wace _ lde fnb ry cosdp +Iq sinôp] (2) 
dt Cac Cdc 
From figure 1 following expressions can be written 
V, = jXie +Ver 6) 
Vet =VB+ JX By Ip + IX By It +Vp (4) 
V, = jE, ~ jlaX4 +1gXq (5) 
Vier Vv Vet 
Z | = ea Xp | if 
XE r vse Xpy 
dc 
ct 
ac FIE 
mh "Sh 


Fig.l SMIB power network with SSSC 


Vv 
Et| I, w X, Vet 
y ' 2 
j - eE 
my ‘Sb 
Fig.2 Equivalent circuit of SSSC > ` 


Using (1 to 5) d - and q - components of current J; can be 
obtained. The non-linear differential equations from which 
Phillips-Heffron linear model of single-machine infinite-bus is 
derived [7, 8] are 


ô = @,@ (6) 
o = (Pn =P, - DO) (D 
2H 
>. (Eg t+ Eg) (8) 
Èg =: =L 
Tg0 
. K A (Vro - V1) (9) 
oa Ven -Vp = ALO =? 
Ege = Re g(3XVro ~ Vr) GLITA) 
Where Baty im VÉ Gq- 2g )4m 28 
X ay 2X ay X og 
XayEq (ty -25)9 ë 
plik, N AE oN 
poo on tk Gi ta Wyia 
X ar X dx 
XE, Vz; cos 8 
Vig Bye el cele Vig = L Ly bid T 


X qt X gy Xar 


xjr axy +X,’ X oy eX gtX g’ Xap =X yg tXy 
Where X, is the impedance of the transmission line, and the 
transfer function of the voltage regulator Reg(s) is assumed to 
be first order linear loop. When a FACTS device is installed in 
system above equations, (6 to 9) must be modified in order to 
analyze the effect of device on the system performance. 
- Linearising (2), equations for d- and q- components of 
current I, and the non-linear differential equations (6 to 9) of 
power system, linearised power system model can be obtained 
as 


Ax = AAx + BAu 
Where Ax=|[AS Am AE, AE, AVe] 
Au=[Amp Adp F 


This state-space model of SSSC for SMIB power network 
has been used for detailed damping performance analysis. 


(10) 


I. SELECTION OF INPUT SIGNAL FOR SSSC BASED STABILIZER 


The damping controllers are designed to produce an 
electrical torque in phase with speed deviation. The adequate 
design of SSSC controller is essential to have an effective 
oscillation damping for reliable system operation. This 
necessitates proper methodology for tuning control parameters 
of SSSC, in this process it is required to select most effective 
control input parameter out of two input parameters of SSSC, 
Le, m, andô, to be modulated as dynamical conditions are 
changing in network in order to arrive at effective and robust 
damping control design criterion. The speed deviation Am is 
considered as input to damping controllers. Two types of 
SSSC based damping controllers are defined based on signal 
contribution such as damping controller based on SSSC 
control parameter m, will be named as damping controller- 
m,, damping controllers based on 6, will be named as 
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damping controller- 6, , respectively. In this paper a method is 
proposed for the selection of most suitable control input signal 


for mode of oscillation under consideration. The proposed - 


method uses minimum singular value (MSV), hankel singular 
value (HSV), direct component of torque (DCT) and residue 
as indicators to find most effective control input signal. 


A. Minimum Singular Value (MSV) 


To measure controllability of oscillation mode by given 
input, concept of singular value decomposition (SVD) [10] can 
be used. Mathematically, if G is an mxn complex matrix then 
there exist unitary matrices W and V with dimensions of mxm 
and nxn respectively such that G can be written as 


H By ME gees ; 
G=WLV" , whereL= 0 0 ; this is mxn matrix and 2, 
C, 0 . 0 
defined as 0 o. . 0 
2 = . . . . 


, Where r = min {m, n} 


0 o 0 0 cg, 

and Ol.. .., Or are singular values of G, placed diagonally in 
descending order, i.e. 0, 20, 2.....20,. This property can 
be utilized to comment on modal controllability. In present 
case, matrix B in (10) can be written as B = [By,B2] where B, 
is column matrix corresponding to i-th input. The minimum 
singular value of matrix [A7 — A : B:] indicates capability of i-th 
input to control mode associated with eigenvalue 2. Thus 
minimum singular value of matrix [A — A : Bi] corresponding 
to two inputs of SSSC can be calculated. The input that has 
highest value of minimum singular value corresponding to it 
will be selected as most effective and responsive input 
parameter for design of SSSC based damping controller. 


B. Hankel Singular Value (HSV) 


In control theory, eigenvalue define system stability, 
whereas Hankel singular values define “energy” of each state 
in system. In order to find which combination of input-output 
contains more information about internal states of system, one 
possible method can be calculation of controllability and 
observability indices of system such as Hankel Singular Value 
(ASV). Mathematically, for stable state-space 
system (A, B,C, D), Hankel singular values are defined as 
On = JA;(PQ) , where P and Q are Controllability and 
Observability Grammians satisfying relation 
AP+PA’+BB™ =0 and A’Q+QA+C™C=0. For 
selecting most suitable input parameter, HSV corresponding to 
each input m,,6,can be calculated, input having highest 


value of HSV corresponding to it can be selected as most 
suitable input signal. 


C Direct Component of Torque (DCT) 


The damping torque contribution [11] from SSSC based 
damping controller to electromechanical oscillation loop is 


AT, =Tp@A@, where Tp is damping torque coefficient. 
From figure 3 it is seen that damping torque contribution by 
SSSC based damping controller have a part of it which directly 
applies into electromechanical oscillation loop of generator 
and its sensitivity can be measured by coefficient Kp, this 


can be taken as direct component of torque (DCT) and other 
part of it applies through field circuit of generator and its 
sensitivity is related to deviation of field voltage is much 
smaller as compared to DCT because it is attenuated by two 
filters before it forms damping torque. This fact can be utilized 
to select most appropriate input of SSSC. The input that has 
highest value of DCT corresponding to it can be 
selected as most effective input parameter. 





Fig.3: Phillips~Heffron model of power system with SSSC. 


D. Residue P 
The state space equation for power system with SSSC is 


Ax = AAx + BAu . For any eigenvalue A, =—o, + jo, , the 
oscillation mode of interest, there is right-eigenvector 4, 
satisfying equationAg,=A,¢, and 
satisfying equation y,A=A,w,. The i” mode is controllable 


left-eigenvector W; 


by j“ input if product of y,B, defined as controllability 


index is non zero and i” mode is observable in j” output if 
product of C ,@; defined as observability index is non zero. A 
mode of interest must be controllable by selected input and 
observable in selected output for control to have effect on 
mode of oscillation. A scalar quantity R, defined as residue of 
particular modei, product of mode’s controllability and 
observability index, will give measurement of mode’s 
sensitivity to feedback between output and input. The figure 4 
shows closed loop system where G(s) represent power system 


and H(s) represent SSSC based damping controller. The 
transfer function H(s) of damping controller can be taken as 
H(s)=KH,(s) , where K is positive constant gain and 
H,(s) is transfer function of controller's blocks. The 


Objective of SSSC based power oscillation damping controller 
is to improve damping ratio of selected oscillation mode I by 


changing eigenvalue A, . Hence change in eigenvalue Ad, 


must be real negative value in order to move real part of 
eigenvalue A, to left half of complex plane. From figure 4, 
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change in eigenvalue A, after action of damping controller can 
be represented as AA, = R,KH,(A,) . Hence, for same value of 
gain of feedback loop larger value of residue will provide 
larger change in corresponding mode of oscillation. Hence it 
can be concluded that best signal for damping controller is one 
which has largest residue for mode of oscillation under 
consideration. The input that has highest value of residue 
corresponding to it can be selected as most responsive 
control input parameter. 








06 07 08 OF 10 11 12 13 14 
Load pu —> 


Fig 5: MSV corresponding to parameters of SSSC 
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ad pu --> 
Fig.6: DCT corresponding to parameters of SSSC 


The figure 5 to 8 shows Variations of MSV, DCT, Residue 
and HSV corresponding to input of SSSC. It is seen from 
figure 5 to 8, that MSV, DCT, Residue and HSV 
corresponding to input m, is highest hence controllability of 
oscillation mode through this input is much better as compared 
to other input, thus it can be concluded that, this is most 
effective input parameter to be modulated while designing 
SSSC based damping controller. It is seen from figure 6 that 


DCT corresponding to input m, of SSSC increases as load 
increases, hence it can be proposed that controllability of 
oscillation mode with damping controller- m, get improved 
with increase in line loading, i.e. the damping performance of 
this controller is improving as line loading is increasing. It is 
also seen that range of change in MSV and DCT 
corresponding to input M, is much smaller as compared to 
range of change in these values corresponding to input ô, , thus 


it can be concluded that damping performance of damping 
controller- 771, is much more robust as compared to that of 
damping controller-5,, as far as change in line loading is 





States -> 





3 
States --> 
Fig.8: HSV corresponding to parameters of SSSC 


TV. SIMULATION RESULTS 


In order to investigate further and to demonstrate proposed 
method for selection of most appropriate control input 
parameters of SSSC, an example power systems — single 
machine infinite bus has been considered for study, parameters 
of which are given in appendix, detailed performance analysis 
of above two SSSC based damping controllers has been 
carried out. In any power system, transmission line loading 
varies over wide range, hence it is extremely important to 
investigate effect of variation of loading condition on dynamic 
performance of system. Keeping in view of this fact, response 
of system under consideration has been obtained. Figures 9 
and 10 show response of Aô state of system as obtained with 
above proposed two types of SSSC based damping controllers, 
over wide variation in loading condition from 0.6pu to 1.4pu. 
It can be clearly observed and concluded from response shown 
in figure 9 and 10, that any of SSSC based damping controller 
provide satisfactory performance over wide range of variations 
in loading conditions. From figure 10 for damping controller- 
6, it is observed that responses are hardly affected in terms of 


settling time, but this is not case with damping controller- m, , 


there is an appreciable change in settling time of response with 
variations of line loading. From response, as in figure 9 and 10 
for damping controller- m,and damping controllers- 6, 
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respectively, it is observed that there is an appreciable larger 
change in final operating point of system with variations of 
line loading in case of damping controllers- 6, as compared to 


that with damping controller- #m,. Hence one may conclude 


that damping controller- m,has highest controllability over 


the oscillation mode of interest, which is evident from 
maximum value of MSV, HSV, DCT and Residue 


corresponding to input m, , and damping performance of 
damping controller-m, is much more robust as compared to 
that of damping controller- 5, ,;which is evident from smaller 
range of change in MSV with line loading, corresponding 
to input m,. 





Time (sec) --> 
Fig.9: AÔ with damping controllers- M, 


degree --> 





Time (sec) --> 
Fig.10: AÔ with damping controller- 5, 


V. CONCLUSIONS 


This paper presents an investigation into the selection of 
most appropriate control parameter of SSSC to ensure 
adequate damping as dynamic changes occur in power 
network. This has been done by comparative analysis through 
various analytical techniques such as MSV, HSV, DCT and 
Residue based approaches. In this paper, power system 
stability enhancement with use of SSSC based damping 


controllers, i.e., damping controller-m, and damping 
controller- 5, has been investigated and it has been found that 


damping controller- mm, has highest controllability over 


oscillation mode of interest and as far as robustness of 
damping controllers to wide variations of line loading 


conditions is concerned damping controller- mm, is more 
appropriate damping controllers as compared to damping 


controller- ôp . 

APPENDIX 
X4 =1.0,X, =0.6,X, =0.3, X, =0.03, X, =0.03 
Xg =0.3, Xp, = 0.3, Cge = 3004F, Vk. =1.0, 


E, =1.024, Typ =5.044sec, V, =1.0,8 =40° 
M =8.0,D=0.0,K, =10.0, T4 =0.01sec, 
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Abstract— Erythrocytes or RBC’s (Red Blood Corpuscles) are 
circular, biconcave, non-nucleated discs which carry the oxygen 
throughout the body. An abnormality of any kind in the RBC’s 
usually become fatal, especially the shape of the corpuscles on the 
whole should be normal for proper intake of oxygen, to be carried 
throughout the body for metabolic activity. The objective of the 
current work is to investigate and analyse the erythrocyte shape 
in normal and disease state by image processing techniques. The 
peripheral blood smear slides of normal subjects and patients 
suffering from anemia and jaundice are collected. Lmages of these 
slides were obtained by using the trinocular research microscope 
fitted with a camera which is interfaced to the computer for 
digitization. The acquired images are processed by median 
filtering, Gaussian filtering, edge detection and thresholding to 
obtain the binary image to find the shape of RBC. To analyze the 
shape of the erythrocyte, the edges which are the areas with 
strong intensity contrast is found by implementing Canny edge 
detection algorithm, which is a multistage process, where the first 
step is to filter out any noise in the original image by using 
Gaussian filter. The next step is to find the edge strength by 
taking the gradient of the image. It is found from the results that 
there is a significant change in the shape of erythrocytes, area of 
the cell (A), perimeter (P) and form factor (FF) under normal and 
diseased condition. There is significant difference in the all the 
parameters for normal and diseased cells. The image processing 
algorithm developed in the present work is found be very useful 
in the diagnosis of several diseases in which shape of the 
erythrocyte will change with pathologic condition. 


Key words—- Canny edge detection, Erythrocyte, Form factor, 
Median Filtering. 


I. INTRODUCTION 


ORMAL RBC’s are circular in shape from the front view, 

discoid or dumb-bell shaped from the side view, 6-8um in 
diameter, and have a central pallor due to their biconcave 
shape. Target cells are pathological RBC’s having a dark 
center surrounded by a light band which is encircled by a. 


darker ring. It may be caused by increased cholesterol and 
lecithin content, bile insufficiency, liver disease, spleenectomy 
or anemia.: Sickle cell disease is an inherited blood disorder 
that is caused by the presence of a mutation in the gene that 
encodes for the protein, haemoglobin. A little change in 


haemoglobin causes it to form long rods in the RBC when it | 


gives away oxygen. These rigid rods change the red cell into a 
sickle cell. There are several in vivo mechanisms, which 
induce changes in erythrocyte membrane lipids and proteins 
and their interior, leading to alteration in erythrocyte shape, 
which in tun affects the deformability [I]. 
Hypercholesterolemic process induces changes in the 
erythrocyte membrane. This is primarily attributed to 
accumulation of cholesterol in the membrane. These 
observations show that the gradual change in erythrocyte 
shape, as observed microscopically, may reflect the effect of 
cholesterol in the arterial vessels [2]. Erythrocyte 
deformability is an inherent property attributed to the size and 
shape of these cells. Basically, the erythrocytes contain excess 
surface area than that required to hold their volume and thus 
allowing these cells to undergo various shape transformations 
while flowing through the cardiovascular system. Any 
deviation from the discoidal shape alters the deformability of 
these cells. Hence variation in morphometric parameters such 
as surface area and perimeter may show the extent of changes 
in the flow properties of these cells [2]. 


Il. METHODOLOGY 


The peripheral blood smear slides of patients suffering from 


anemia and jaundice are collected. Images of these slides were 
obtained by using the trinocular research microscope fitted 
with a camera and interfaced to the computer for digitization 
as shown in Fig. 1. In order to obtain a clearer image, the slides 
were oil immersed [3]. The level of ‘magnification of the 
various lenses in the microscope and camera are as follows; 
objective lens-100x, eye piece-10x, camera lens-5x, total 
magnification-5000x. . 
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Fig.1 Trnocular research microscope fitted with ¢ a camera and 
interfaced to computer. 


The sequence of operations in proposed algorithm to 
analyse the shape of the erythrocytes is shown in Fig. 2. 





Fig.2 The sequence of operations implemented to analyse the 
shape of erythrocyte. 

A. Median Filter 

Filtering is a non-linear signal enhancement technique for 
the smoothing of signals, the suppression of impulse noise, 
and preserving the edges. It is implemented to an image using 
a mask of odd length, the mask moves over the image and at 
each center pixel the median value of the data within the 
window is taken as the output [4]. 

The median filter considers each pixel in the image in-turn 
and looks at its nearby neighbours to decide whether or not it 
is representative of its surroundings. Instead of simply 
replacing the pixel value with the mean of neighbouring pixel 
values, it replaces it with the median of those values. When 
performing median filtering, each pixel is determined by the 
median value of all pixels in a selected neighborhood. The 
median is calculated by first sorting all the pixel values from 
the surrounding neighborhood into numerical order and then 
replacing the pixel being considered with the middle pixel 
value [4]. 


B. Gaussian Filter 


The Gaussian smoothing operator is a 2D convolution 
operator The Gaussian filter uses a kernel that represents the 


shape of the Gaussian (bell shape) curve. A 2D isotropic [i.e. 
circularly symmetric] Gaussian has the form; 
G(x, y)=(1/ 20” exp x? +y*)/207) (1) 
The idea of Gaussian smoothing is to use 2D distribution as 
a point spread function, this ıs achieved by convolution of 
pixels, we have to produce the discrete approximation of 
Gaussian function before convolution. Theoretically, Gaussian 
distribution is non-zero everywhere, requiring infinitely large 
convolution kernel. But practically it is effectively zero and 
more than 3 standard deviation from the mean, so we can 
truncate the kernel at this point. The degree of smoothing is 
determined by the standard deviation of the Gaussian. 
Gaussian filter outputs a ‘weighted average’ of each pixel 
neighborhood, with the average weighted more towards the 
value of the central pixels. Thus, produces greater smoothing 
and preserves edges. The-size of Gaussian kernel mask is a 
function of the parameter, ‘o°’, and size of the kernel mask 
determines the range of frequencies that are removed by the 
Gaussian filter. 


C. Edge Detection 


Edges in images are areas with strong intensity contrasts — a 
jump in intensity from one pixel to the riext. Edge detecting an 
image significantly reduces the amount of data and filters out 
useless information, while preserving the important structural 


properties in an image. 
D. Canny Edge Detection 


This is a multi-step edge detection procedure considered to 
be the ideal edge detection algorithm for images that are 
corrupted with white noise. The optimality of it is related to 
three criteria: 

« Detection criterion expresses that important edges should 
not be missed and there should be no spurious responses. 

e Localization criterion says that the distance between the 
actual and located position of the edge should be minimal. 

e One response criterion minimizes multiple responses to a 
single edge ( i.e. when there are two responses to a single 
edge one of them should be considered as false). 

The Canny edge detector is used for detection of the edges 
(segmentation) and gives the result as the contour of the cell. 
Algorithm of Canny edge detection technique is as follows: 

a. The noise is filtered out using Gaussian filter. 

b. Image edges are detected using Sobel edge detector by 
selecting a small window (mask) of size (nxn) from 
original array and set threshold value for edge detection. 

c. Multiply all the elements of window with gradient 
operators and sum the results. 

d. If the sum is greater than threshold, edge is detected, so 

retain this value and otherwise it will be zero, due to the 

property of masks. 

Repeat above steps for the whole area. 

f. End of algorithm. 

Based on these criteria, the Canny edge detector first 
smoothens the image to eliminate the noise and later finds the 


p 
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image gradient to highlight regions with high spatial 
derivatives. The algorithm then tracks along these regions and 
suppresses any pixel that is not at the maximum. The gradient 
array is now further reduced by hysteresis. Hysteresis is used 
to track along the remaining pixels that have not been 
suppressed. Hysteresis uses two thresholds and if the 
magnitude is below the first threshold, it is set to zero (made a 
nonedge). If the magnitude is above the high threshold, it is 
made an edge. If the magnitude is between the 2 thresholds, 
then it is set to zero unless there is a path from this pixel to a 
pixel with a gradient above threshold 2. 


E. Stages of the Canny Edge Detection Algorithm 


Noise Reduction: The first step is to filter out any noise in 
the original image before trying to locate and detect any edges. 
So the Gaussian filter can be computed using a simple mask, it 
is used exclusively in the Canny algorithm. Once a suitable 
mask has been calculated, the Gaussian smoothing can be 
performed using standard convolution methods. A convolution 
mask is usually much smaller than the actual image. As a 
result, the mask is slid over the image, manipulating a square 
of pixels at a time. The larger the width of the Gaussian mask, 
the lower is the detector’s sensitivity to noise. The localization 
error in the detected edges also increases slightly as the 
Gaussian width is increased. Edge Strength Detection: After 
smoothing the image and eliminating the noise, the next step is 
to find the edge strength by taking the gradient of the image. 
The Sobel operator performs a 2D spatial gradient 
Measurement on an image. Then, the approximate absolute 
gradient magnitude (edge strength) at each point can be found 
[4]. 


Sobel Edge Detection: The sobel operator performs a two 
dimensional special gradient measurement on an image and so 
emphasizes regions of high spatial gradient that corresponds to 
edges. The most commonly used method of differentiation 
(sharpening) in image processing applications is the gradient. 
The gradient magnitude gives the amount of the difference 
between pixels in the neighborhood (the strength of the edge). 
The gradient orientation gives the direction of the greatest 
change, which presumably is the direction across the edge 
(edge normal). The value of the gradient is proportional to the 
difference in gray level between adjacent pixels. The gradient 
operation reduces all the constant white regions to zero 
[black], leaving only the points associated with the abrupt 
changes in gray level. The Sobel operator uses a pair of 3x3 
convolution masks, one estimating the gradient in the x- 
direction (columns) and the other estimating the gradient in the 
y-direction (rows). They are shown as Sobel masks as in Fig 3 
and Fig.4. The G, gives the derivative in the x-direction and 
Gy gives the derivative in the y-direction. The magnitude, or 
edge strength, of the gradient is then approximated using the 
formula: i 


G=|G,|+|G,| (2) 





Fig.3 A 3x3 region of an image (z’s are the gray level 
values). 





Fig. 4 Sobel masks for horizontal and vertical direction. 


For finding the direction we use; 
a(x, y)= tan! (af / ay) (Af / ax) (3) 


Non-maximum Suppression: After the edge directions are 
known, non-maximum suppression now has to be applied. 
Non-maximum suppression is used to trace along the edge in 
the edge direction and suppress any pixel value (sets it equal to 
0) that is not considered to be an edge. This will give a thin 
line in the output image. 


Hysteresis: Hysteresis is used as a means of eliminating 
streaking. Streaking is the breaking up of an edge contour 
caused by the operator output fluctuating above and below the 
threshold. If a single threshold, T1 is applied to an image, and 
an edge has an average strength equal to T1, then due to noise, 
there will be instances where the edge dips below the 
threshold. Equally it will also extend above the threshold 
making an edge look like a dashed line. To avoid this, 
hysteresis uses 2 thresholds, a high and a low i.e. T7 and T2 
with T7 > T2. Any pixel in the image that has a value greater 
than T1 is presumed to be an edge pixel. If the pixel value is 
below T2 is set to zero. And if the magnitude is between the 2 
thresholds, then it is set to zero unless there is a path from this 
pixel to a pixel with a gradient above T2. 


Thresholding: For the calculated gradient to be declared as 
an edge, the value should above a certain threshold. So the 
number of pixels declared as edges would be dependent on the 
threshold. There is no specific algorithm for choosing a 
threshold. The threshold is dependent on the image and the 
mask. Hence, the threshold is not a constant factor. 


F. Calculation of Perimeter, Area and Form Factor: 


For calculation of area (A), the contour of the cell-is filled 
up with pixels. By counting the number of these and 
multiplying with pixel area, the area of the cell is determined. 
Similarly, by counting the number of pixels along the 
perimeter (P) and then multiplying with pixel length, the 
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perimeter of the same cell is determined. Based on these, the 
ratio P/A and the form factor (FF) are calculated. 


P 2 
Form Factor =—— (4) 
ATA 


The parameter FF is the measure of compactness or 
roundness of the cell and its variation indicates the deviation 
of the shape in the image from that of a normal cell [5]. 


Til RESULTS AND DISCUSSION 


The results obtained after the implementation of the 
algorithm are as shown in the Table | and Table 2, and in 
Fig.5. It is observed that there is a significant difference in the 
values P, A and P/A parameters between normal and diseased 
cells (p<0.001). The parameter FF is found be one of the best 
parameter which significantly differentiate the normal and 
diseased cells (p<0.0001) and can be used as a one of the 
diagnostic parameter. The algorithm has also been 
implemented for the study of the shape of sickle cells and he 
parameters calculated are found to be significantly differ from 
that of normal cells [6]. 


Table 1. The parameters calculated for normal cell images 
obtained from trinocular microscope. 
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Table 2 The parameters calculated for target cell images 
obtained from trinocular microscope. 
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Fig.5 Images obtained at different stages of implementation 
of algorithm for normal and pathological cell (target cell). 
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The applications of this project are especially in detection of 
structural changes in erythrocytes which are generally seen in 
pathological conditions such as malaria, sickle-cell anemia, 
jaundice, liver diseases. In many developing countries, 
microscopy is not reliable because the microscopists are 
insufficiently trained and supervised and are overworked, and 
moreover the microscopes and reagents are of poor quality. 
Conversely in non-endemic countries laboratory technicians 
are often unfamiliar with malaria and may miss the parasites. 
Image processing technique developed in the present work 
may help in overcoming these difficulties. This technique 
helps in diagnosis of many abnormalities which are obscure 
even after normal enhancement of the image, therefore 
eliminating any chance of errors during diagnosis of any 
problem, through simple and fast techniques. 


TV CONCLUSIONS 


In the present work an image processing algorithm has been 
developed and implemented for tracing the contour to find the 
shape of normal and abnormal erythrocytes, and to find the 
parameters perimeter, area and form factor. It is found that the 
normal and abnormal cells can be easily differentiated with 
help form factor. The image processing algorithm developed in 
the present work is found be very useful in the diagnosis of 
several diseases in which shape of the erythrocytes will change 
with pathologic condition. 
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Abstract—Distortion product otoacoustic emissions (DPOAEs) 
are a series of combination tones generated in the ear when 
stimulated with two pure tones of frequency f1 and f2 (in audio 
range). The most prominent distortion product is the cubic 
difference tone at 2f1-f2. Maximum level of the DPOAE signals 
are observed when the frequency ratio f2/f1 is chosen to be 1.22. 
The objective of this study is to determine the DPOAE response 
characteristics from norma! and hearing impaired subjects and to 
investigate the relation among spectra of evoking tones, the 
measurement parameters of DPOAEs and audiometric status. 
The DSP platform controls the microphone/speaker system which 
generates the acoustical stimuli for presentation to the ear canal 
and collects the acoustic responses recorded in the ear canal. The 
signal processing problem invulves estimation of the weak 
DPOAE response under two strong stimuli and background noise. 
A total of 43 DPOAE responses from neonatal to adult subjects 
are analyzed. The DPOAE data of both adults and children are 
compared with individual pure tone- audiometric data to 
investigate how DPOAE responses differentiated ears with 
normal hearing from impaired ears. DPOAE assessment provides 
detailed frequency specific information on cochlear function. This 
property of DPOAEs is used for clinical applications to find 
hearing impairment and hearing screening. 


Key words—DPOAE, Hearing disorders, OAEs, Stimulus . 


I, INTRODUCTION 


HE human ear can not only perceive sound passively but 

produces sound actively. Otoacoustic emissions (OAEs) is 
defined as low intensity sound that originates from the cochlea 
and that can be recorded in the outer ear canal. OAE was first 
reported by Kemp in 1978[1}. The outer hair cell (OHC) 
system of cochlea is responsible for the generation of OAEs 


and OHC mobility is the cellular basis of this phenomenon [2] 

atleast for mammals. OAEs are considered to have clinical 
utility as a sensitive measure of cochlear function, being 
generated only when the cochlea is functioning normally or 
nearly normal. Screening and monitoring of cochlear function 
have been the two most important areas of clinical application. 

OAEs are classified according to the type of stimulation to 
induce them (1) spontaneous otoacoustic emission (SOAEs) 
(2) evoked otoacoustic emissions (EOAEs). The SOAEs are 
narrow band and low level signals which are generated without 
acoustic stimulation, whereas EOAEs occur during or after 
external acoustic stimulation [3]. The most outstanding 
features of EOAEs with respect to their suitability as a clinical 
test are that they can be measured simply, non invasively and 
readily in the outer ear canal by a sensitive microphone. There 
are several subclasses of EOAEs based primarily on the 
stimuli used to evoke them. These include (i) transient evoked 
OAEs (TEOAEs) (ii) distortion product OAEs (DPOAEs). 
TEOAEs are delayed response to acoustic transient stimuli 
such as clicks or tone burst. 

The DPOAEs are inter modulation-distortion response 
produced by the ear in response to two simultaneous pure tone 
stimuli referred to as the primary tones f! and f2 with levels 
Li and L2. The primaries are related in frequency separation 
of f2 from fl commonly called f2/f1 ratio, i.e., typically 1.22 
[4]. The most frequently measured acoustic inter modulation- 
distortion product is at the frequency 2f1-f2 i.e., the cubic 
difference tone [5], although the cochlea also produces 
concurrently DPOAEs at other frequencies (e.g., f2-f1, 2f2-f1, 
3f1-2f2) in response to such bitonal stimulation [6]. Indeed, 
the only emitted distortion component utilized to clinical 
purpose has been 2f1-f2 because it is the largest DPOAE. The 
amplitude of a DPOAE depend upon the level of the eliciting 
stimulus. 


192 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


In clinical applications of DPOAE, data are most commonly 
presented as DPOAE level frequency functions (often called 
DPOAE audiogram or DPgram), in which DPOAE level is 
Measured as a function of primary tone frequency for fixed 
level primaries. The DPOAE level frequency function allows 
the status of a given cochlea to be assessed in a frequency 
specific manner, by comparison of DPOAE level at each 
frequency in the test ear to DPOAE level measured in a 
population of normally hearing individuals. Cochlear 
impairment is indicated at those frequencies at which DPOAE 
levels in the test ear are below the range of response in the 
normal population [7]. 

The amplitude of DPOAEs depends systematically upon the 
parameters of the stimulus tones i.e., frequency, frequency 
separation and level difference. DPOAE can be recorded in ear 
with hearing loss upto 50 dB. This study is focused to find 
DPOAE response characteristics and to investigate the 
relationship among spectra of evoking tones, the measurement 
parameters of DPOAEs and audiometric data. By analyzing 
properties of DPOAE response it can be possible to find 
subjects suffering from noise induced hearing loss, the 
influence of ototoxic drugs to hearing and cochlear disorders 
etc. This work is an extension of authors earlier work [8]. 


IL MATERIALS AND METHODS 


A. DPOAE Measurement System 


A schematic of computer-based DPOAE measurement 
system is shown in the Fig. 1. 


MIDDLE EAR INNER EAR 






BVS | COMPUTER 


Fig.. 1. Schematic of a computer based DPOAE measurement 
setup. 


The DPOAE response is measured via a probe that is sealed 
into the ear canal using a removable rubber or form ear tip. 
The probe incorporates two miniature speakers and one high 
sensitivity miniature microphone. Two speakers are required 
to elicit DPOAEs, so that the two stimulus tones are mixed 
acoustically rather than electrically, to prevent generation of 
artifactual intermodulation-distortion products by a single 


speaker when driven simultaneously by tones. The DSP 
platform controls the microphone/speaker system, which 
generates the acoustical stimuli for presentation to the ear and 
collects the acoustic responses recorded in the ear canal. The 
two primary tones fl] and f2 are digitally synthesized are 
presented to ear canal through digital to analog converter and 
miniature speaker system to elicit DPOAEs. The responses are 
collected through miniature microphone, and fed to the DSP 
platform through analog to digital converter for further signal 
processing [9]. 

The signal processing problem involves estimation of weak 
DPOAE under two strong stimuli and the background noise, 
which in some cases can be higher than that of the DPOAE 
itself. Traditionally, use fast fourier transform to filter the 
signal into narrow frequency bands, and to detect any emission 
present. The intensity levels and frequency of the test tones 
and averaging time to process the signal can be determined by 
the tester through the adjustable setting maintained in OAE 
instrument. The noise floor level is further reduced by using a 
low noise environment such as a sound proof room for 
DPOAE measurement. 


B. DPOAE Acquisition and Analysis 


DPOAEs are measured from 43 subjects like normal, 
hearing impaired, and normal having other diseases. To 


conduct DPOAE test, two primary tones at frequency f1 and f2. 


and levels Li and L2 were presented. The frequency ratio 
f2/f1 was fixed at 1.22. The stimulus levels were held constant 
at Ll= 65 dBSPL and L2=55dBSPL. These values have been 
shown to give large amplitude and thus easily detectable [10]. 
The following variables were analyzed. (i) the estimated 
DPOAE level (DP) measured at the 2f1-f2 frequency with f2 at 
frequencies 2, 3, 4 and SKHz [11], [12]. (ii) the noise level 
(NF) estimated from the 4 fourier components nearest to but 
not including the 2f1-f2 frequency. (iii) the estimated DPOAE 
signal to noise ratio (SNR) is defined as the difference 
between estimated DPOAE level and estimated noise level. 
Fig, 2. shows the spectra of ear canal sound pressure detected 
by microphone. 


Ampituda (8 SPL) 


2ti-f2 
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Frequency (kHz) 


Fig. 2. Spectra of ear canal sound pressure from the ear of a 
normal hearing adult. 
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The measurement of DPOAEs was restricted to frequency of 
2 KHz and higher, because DPOAE at lower frequencies (0.5 
to 1 KHz) have been shown to require very long average time 
to be reliably recorded [13]. An automatic regime was 
followed in which each frequency (2, 3, 4 and 5KHz) were 
measured twice, averaged for 2 seconds each time. Therefore, 
the total test time approximately equals 8 seconds. Another 
protocol is 4 sec average time at each of 4 frequencies and 
total test time is equal to 16 seconds. The shorter test time 
protocol offers an advantage when testing young children or 
uncooperated subjects, who will tend to move considerably 
during test. The longer averaging time test protocol offers an 
advantage when testing in noisy environments. The tester can 
select the approximate test protocol on the subject being tested 
and the test environments. In this study, pure tone audiometric 
data are also collected from the hearing subjects (adults and 
children) using both air conduction and bone conduction 


methods. This data are compared with DPOAE data for - 


detailed frequency specific analysis and diagnosis. 


III. RESULTS AND DISCUSSIONS 


OAEs have been regarded as an energy leakage from the 
cochlea. OAEs may provide an objective assessment of the 
OHCs. Especially DPOAEs yield frequency specific response 
in a format comparable to the audiogram, In this study, 
amplitude of DPOAEs are measured in diabetics who have no 
hearing loss and the results are compared with normal control 
groups. The result shows that the values of the DPOAEs are 
decreased in diabetic subjects with normal hearing than in the 
normal controls. Fig. 3. shows the DPOAE responses obtained 
from diabetic and control subjects. Because DPOAE is an 
objective tool for detecting functional alteration of oyter hair 
cells of cochlea, these results indicate that there would be an 
invisible pathology of cochlea hair cells in diabetic subjects 
with normal hearing. Therefore DPOAE could predict the 
occurrence of sub clinical diabetic cochlear dysfunction. 
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Fig. 3. DPOAE responses in diabetic and control subjects. 


Table I gives the DPOAE data of 28 year old female subject 
with sensorineural hearing loss (left ear) and normal right ear. 
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Fig. 4. DP gram of a 28 years female subject with hearing loss (left 
ear) and normal right ear and NF plot indicates corresponding noise 
level. 


The result of data analysis shows that the high frequency DP 
response of the left ear is poorer when compared with that of 
right ear. The right ear provides DP response at all frequency 
range. i.e., right ear is functionally normal. In DPgram of left 
ear, DPOAE response level decreases with increase of 
frequency. At 5 KHz the DPOAE level is only noise level. ie., 
SNR is zero. This analysis shows that left ear have high 
frequency hearing loss. i.e., sensorineural hearing loss. Pure 
tone audiometric data also shows same results. ie., the 
threshold of hearing at high frequency region is higher 
compared with lower frequency region. 
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Mean DPOAE Level (In dB SPL) 





~ f2 (in KHz) 


Fig. 5. Variation of DPOAE response level with age and 
frequency. 
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The influence of age on DPOAE amplitude is shown in 
Fig. 5., ears are divided into three groups: 15-24 Yrs, 
25-34 Yrs and 35 Yrs and older. In pure tone analysis 
behavioral threshold increased significantly with age at and 
above 3 KHz. The DPOAE amplitude decreased with 
increasing age at all frequencies. Hearing screening and 
monitoring of cochlear functions are two most important areas 
of clinical applications. DPOAEs are objective, easy, rapid 
and noninvasive method and are then ideal for large scale 
population screening. Apart from the above use the method is 
used for screening difficult to test subjects such as children, 
developmentally delayed patients and the elderly with 
dementia or other medical problems. Other DPOAE clinical 
applications are (i) to estimate influence of ototoxic drugs to 
hearing. (ii) to investigate tinnitus. (iii) detection of cochlear 
disorders. (iv) detection of neuroma tumors and other central 
auditory disorders. 


IV. CONCLUSION 


Distortion product otoacoustic emission should be viewed 
as additional, objective audiological technique and may be the 
most powerful tool when used in conjunction with neural 
evoked potential, immittance measurement and pure tone 
audiometry. 
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Abstract— Image processing of fundus images has the potential 
to play a major role in the diagnosis of Age Related Macular 
Degeneration and Diabetic Retinopathy. Drusen that appear as 
abnormal white yellow deposition on the retina are the signs of 
development of Age Related Macular Degeneration (AMD). Early 
signs of Diabetic Retinopathy are formation of lipids (pale fatty 
deposits) on the retina and scar tissue forming from the mass of 
ruptured blood vessels. With the help of digital fundus camera 
retina images can be captured. An algorithm has been developed 
for the automatic detection and mapping of the drusen deposits in 
the case of AMD and the lipids and scar tissue in the case of 
Diabetic Retinopathy. The results help the doctor to make the 
accurate diagnosis and provide the information regarding the 
efficacy of treatment very faster during the course of disease. 


Key words — Image processing, Macular Degeneration, -. 
Diabetic Retinopathy and drusen 


I. INTRODUCTION 


ACULAR degeneration is a group of diseases 
characterized by a breakdown of the macula. Age- 
related macular degeneration (AMD) is a disease 
characterized by the progressive loss of central vision. It is 
currently the leading cause of irreversible blindness in the 
industrialized world, afflicting an approximately 1 in 20 
people over the age of 60 years [1]. The macula is the center 
portion of the retina that makes central vision and visual 
acuity possible [2]. The drusen can become larger and 
increase in number, which may lead to sight threatening 
complications [3], [4]. Diabetic retinopathy is a aca 
blinding complication of diabetes that damages 


the eye’s retina. Diabetic retinopathy is the leading cause of 
blindness and visual impairment in adults in developed 
societies. Approximately 2% of all individuals who have 


diabetes become blind after 15 years, and severe visual 
impairment develops in 10% of individuals with diabetes. 
Diabetic retinopathy occurs when diabetes damages the tiny 
blood vessels in the retina. At this point, most people do not 
notice any changes in their vision. Some people with diabetic 
retinopathy develop a condition called macular edema. It 
occurs when the damaged blood vessels leak fluid and lipids 
onto the macula. The fluid makes the macula swell, blurring 
vision. As the disease progresses, it enters its advanced, or 
proliferate, stage. Fragile, new blood vessels grow along the 
retina and in the clear, gel-like vitreous that fills the inside of 
the eye. Without timely treatment. these new blood vessels 
can bleed, cloud vision, and destroy the retina. 


Digital fundus cameras are used to capture the retinal 
images. Then image processing is done so as to detect the 
presence of drusen and to find the affected area in both 
macular degeneration and diabetic retinopathy. This work is an 
extension of the earlier works of the authors [5]. [6], [7]. 


If. METHODOLOGY FOR DRUSEN DETECTION 


The main steps of the proposed algorithm are non-uniform 
illumination compensation, enhancement and segmentation. 
The enhancement and thresholding [8] operators for drusen 
segmentation are adaptive and based on histogram analysis. In 
particular, the local thresholding operator is designed from a 
rigorous analysis of the local histogram [9], as to exploit the 
important characteristics of the signal distribution that 
differentiate drusen from background and overcome the 
inefficiencies of other histogram based segmentation schemes. 
The next processing step aims at enhancing the contrast of the 
retina’s image. In histogram equalization all display intensities 
are approximately equally represented. The intention is that 
ranges of pixel values are allocated portions of the display 
intensity range according to the frequency with which they 
appear in the image [10], [11]. The simplest way to form a 
binary image is by thresholding. Pixels with intensities less 
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than or equal to the threshold become one component of the 
binary image, and those with intensities greater become the 
other. The main problem in the classic segmentation methods 
like thresholding and edge detection is the choice of thresholds 
as well as scale factors [12],[13]. Here we use the concept of 
mathematical morphology as a tool for extracting the image 
components and also morphological reconstruction that 
involves two images. 


TH. MORPHOLOGICAL OPERATIONS 


Mathematical morphology is an approach to image analysis 
based on set theory [14]. Here two fundamental 
morphological operations , dilation and erosion are used in 
terms of intersection of an image with a translated shape for 
extracting features from an image. Dilation is an operation that 
“grows” objects in an image. A shape referred to as a 
structuring element controls the extent of growing. The erosion 
of a set by a structuring element is the set of pixel positions for 
which a structuring element placed with its reference point 
there will be contained completely within the set. An opening 
is similar to erosion, except that it consists of all points lower- 
case, points of the structuring element when the structuring 
element can be placed within a set. Dilation is an erosion of 
the background of a set. Erosion “shrinks” objects in an 
image. Dilation and erosion [15] can be used in various 
combinations Here we make use of the most common 
combination opening and closing. In morphological opening, 
erosion removes small objects and the subsequent dilation 
tends to restore the shape of the objects that remain. In our 
problem we make use of gray-scale morphology where dilation 
and erosion are defined in terms of minima and maxima of 
pixel neighborhoods. The digital image functions are of the 
form f (x, y) and b (x, y), where f (x, y) is the input image, the 
b (x, y) is the structuring element, itself a sub image function. 
The gray-scale dilation of f by structuring element b, denoted f 
® b is defined as 


(f ® b)(x, y) =max {(x -x y- y) +b’, y), y) ED, } 


(1) 
where D, is the domain of b, and f (x, y) is assumed to equal - 
œ outside the domain of f. The structuring element is rotated 
about its origin and translated to all locations in the image .At 
each translated location the rotated structuring element values 
are added to the image pixel values and the maximum is 
computed. The gray-scale dilation is performed using flat 
structuring elements in which the value of b is O at all 
coordinates over which D is defined. Th That is b (x’, y) = 0 
for (x, y) e D. Thus the gray-scale dilation equation 
simplifies to 

(E ® b)(x, y) = max {f x- x, y-y ix, y) e D} (2) 
Thus flat gray-scale dilation is a local maximum operator, 
where the maximum is taken over a set of pixel neighbors 


Morphological filtering simplifies a segmented image to 
facilitate the search for objects of interest. This is done by 
smoothing out object outlines, filling small holes, eliminating 
small projections, and using other similar techniques. Dilation 
allows objects to expand, thus potentially- filling in small holes 
and connecting disjoint objects. Erosion shrinks objects by 
etching away (eroding) their boundaries. These operations can 
be customized for an application by the proper selection of the 
structuring element, which determines exactly how the objects 
will be dilated. The dilation process is performed by laying 
the structuring element on the image and sliding it across the 
image in a manner similar to convolution. The difference is in 
the operation performed. It is best described in a sequence of 
steps: 


1. If the origin of the structuring element coincides with a ‘0' in 
the image, there is no change; move to the next pixel. 


2. If the origin of the structuring element coincides with a ‘1’ 
in the image, perform the OR logic operation on all pixels 
within the structuring element. 


With a dilation operation, all the 'l' pixels in the original image 
will be retained, any boundaries will be expanded, and small 
holes will be filled. ; 


The morphological operations can be extended to gray- 
level images in different ways. The easiest method is to simply 
threshold the gray-level image to create a binary image and 
then apply the existing operators. For many applications this is 
not desired because too much information is lost during the 
thresholding process. Another method that allows us to retain 
more information is to treat the image as a sequence of binary 
images by operating on each gray level as if it were the 1 value 
and assuming everything else to be 0. Laying them on top of 
each other and “promoting” each pixel to the highest gray- 
level value coincident with that location can then combine the 
resulting images. 


Dilations can be made directional by using less 
symmetrical structuring elements. e.g. a structuring element 
that is 10 pixels wide and | pixel high will dilate in a 
horizontal direction only. Similarly, a 3x3 square structuring 
element with the origin in the middle of the top row rather than 
the center will dilate the bottom of a region more strongly than 
the top. 


IV. IMAGE RECONSTRUCTION 


Grayscale dilation with a flat disk shaped structuring 
element will generally brighten the image. Bright regions 
surrounded by dark regions grow in size, and dark regions 
surrounded by bright regions shrink in size. Small dark spots 
in images will disappear as they are “filled in to the 
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surrounding intensity value. Small bright spots will become 
larger spots. Small dark spots in images will disappear as they 
are “filled in’ to the surrounding intensity value. Small bright 
spots will become larger spots. The effect is most marked at 
places in the image where the intensity changes rapidly and 
regions of fairly uniform intensity will be largely unchanged 
except at their edges. An image can have multiple regional 
maxima or minima image peaks or valleys can be used to 
create marker images that are used in morphological 
reconstruction. In an image, every small fluctuation in intensity 
represents a regional minimum or maximum. 


To remove the less significant minima and maxima but 
retain the significant minima and maxima, a threshold level ‘h 
‘ is specified that suppresses all maxima whose height is less 
than h or whose minima are greater than h [16]. 


Morphological reconstruction can be thought of 
conceptually as repeated dilations of the marker image until the 
contour of the marker image fits under the mask image. In this 
way, the peaks in the marker image “spread out”, or dilate. 
Each successive dilation is constrained to lie underneath the 
mask. When further dilation ceases to change the image, 
processing stops. The final dilation is the reconstructed image. 


V. PROGRAM METHODOLOGY 


Here the software was developed using MATLAB. This 
work is intended to diagnose both Age related Macular 
Degeneration (AMD) and Diabetes retinopathy (DR). First the 
disease to be diagnosed is chosen. The images obtained from 
fundus photography covers a large area of the eye than we 
actually require including the iris. Only the region of the eye 
that is affected by the disease is selected. Thus, a window is 
obtained that consists of the affected part of the eye and other 
unwanted details among which blood vessels are prominent. 
Drusen that differ slightly from the background regions are 
correctly segmented without losing their size and actual shape. 
Once the noisy images are segmented by thresholding, 
successive application of opening and closing operations are 
performed to improve the image. For removing the blood 
vessels structures that are lighter than their surroundings and 
that are connected to the image border are selected and then 
suppressed .A background image generated is then subtracted 
from the obtained gray image to improve the visibility of the 
effected area. The contrast of this image is then increased. This 
enhanced grey image is then converted o a binary image based 
on a threshold. This image clearly distinguishes the affected 
parts from the others. Based on this the area of the affected 
region is obtained for both Diabetic Retinopathy & Macular 
Degeneration. The flowchart is shown in fig (1). Tests were 
conducted on many images both for diabetic retinopathy and 
macular degeneration with satisfactory results. 





Fig (1). 


Fig (2) shows sample images for diabetic retinopathy and the 
affected area. Fig (3) shows sample images for macular 
degeneration, number of drusen and the affected area. 
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Fig(2) ` 


VI. CONCLUSION 


Diabetic retinopathy and Age-related macular degeneration 
are the leading causes of preventable vision loss in the country. 
Image processing of fundus images has the potential to play a 
major role in the early diagnosis of age related macular 
degeneration and diabetic retinopathy. Incorporation of image 
processing technologies in the field of ophthalmology presents 
a wide range of possibilities in a time when specialized 
_ Examiners are over-stretched and when there is a demand for 
improving the quality of medical care in 


Fig (3) 


a vision-impaired population with a high probability of 
increasing in numbers during the next quarter of the century. 
An automated and reliable method for finding out the drusen 
exudates, lipids have been done here. Quantification of drusen 
is essential to the study of age related macular degeneration. 
Similarly, the quantification of exudates, lipids are essential to 
the study of diabetic retinopathy. Current techniques are 
relatively imprecise, subjective, and labor intensive. By 
applying our findings, we have developed a reproducible, 
validated automated method for leveling the background and 
obtain segmenting by a uniform threshold. Robustness and 
accuracy in comparison to human graders have been evaluated 
on a small image database. The results are encouraging and a 
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Clinical evaluation will be undertaken in order to be able to 
integrate the presented algorithm as a tool for diagnosis of 
diabetic retinopathy 
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Abstract—Diabetic retinopathy is the leading cause of blindness in 
working age population. Early detection of diabetics reduces the 
risk of blindness. This work aimed to assess the effect of fractal 
image compression on the accuracy of grading of diabetic 
retinopathy. Fractals are widely used in medical imaging. The 
storage and transmission of medical images can be facilitated 
using fractal image compression. It has a lot of advantages over 
JPEG compression. The characteristics features of different 
retinal images, some with no retinopathy, some with background, 
some with pre proliferate, and some with proliferate retinopathy 
are taken. The images are then subjected to fractal image 
compression by 90%, 80%, 70%, and 0%. Fractal image 
compression performed hoth in time domain and frequency 
domain is compared with JPEG compression. The images were 
decompressed at the receiver:side and graded on a portable 
computer. Two masked graders assessed the images for grade of 
retinopathy and image quality. The sensitivity and specificity of 
„retinopathy grading, were calculated and the parameters are 
compared before and after fractal image compression with JPEG 
‘ compression. 


Key words—Fractals, exudates, optic disc, vessel extraction, 
JPEG compression, iterated function systems ( IFS). 


1 INTRODUCTION 


HE leading causes of retina-related vision impairment and 
blindness in the working age population are diabetic 
retinopathy, age-related macular degencration (AMD), and 
glaucoma. [1]. It is estimated that more than 8,000 diabetic 
* patients become blind every year from retinal complications [2]. 
Much of this blindness can be prevented if the retinopathy 1s 
detected early enough for the treatment with laser photo- 
coagulation. During clinical examination, the ophthalmologist 
analyzes the fundus photographs and looks out for abnormal 
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signs such as exudates and hemorrhages which may lead to 
retinopathy [3]. 


Giving due consideration to the increase of diabetes, as well as 
to the fast advances in computer hardware and software 
technique, the development of a cost-effective PC-based retinal 
image analysis system offers a potential of being very useful in 
the mass screening of diabetic retinopathy. This system may not 
only provide objective diagnosis to the doctor, but also extend his 
capability and productivity during clinical examination. The 
storing of retinal images is performed by using fractal image 
compression. F 

Fractal encoding is largely used to convert bit map images 
to fractal codes. Fractal decoding is just the reverse, in which a 
set of fractal codes are converted to bit map. The encoding 
process is extremely computationally intensive. Millions or 
billions of iterations are required to find the fractal patterns in 
an image. Depending upon the resolution contents of the input 
bitmap data, and output quality, compression time, and file 
Size parameters selected, compressing a single image could 
take any where from a few seconds to few hours (or morc) on 
even a very fast computer. Decoding a fractal image is much 
simpler process. The difficult process is finding all the fractals 
during the encoding process. All the decoding process needs to 
do is to interpret the fractal codes and translate them into a 
bitmap image. 


METHODS 


The fundus photographs were taken with a fundus camera 
during mass screening. These photographs were then scanned by 
a flat-bed scanner and saved as a 24-bit true color BMP file of 
512x512 pixels. The image files were then analyzed using the 
algorithms described in the following section; 1.Detection of 
oplic disc and exudates area. 2. Vessel extraction. 3. Fractal 
image compression4. Fractal image decompression 


The basic block diagram to describe the methodology is shown 
in figure (1). 
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fig (1) 


TI. PROCEDURE 
A. Detection of optic disc and exudates area 


The retinal image obtained from the fundus camera is 
converted to gray level image. Pre- processing of the resultant 
gray level image 1s done to reduce the intensity variations and 
noise present in the image, The next step to be done ts the 
removal of optic disc and exudates arcas. 


Exudates are the primary signs of diabetic retinopathy 
which are mainly cause of blindness and could be prevented 
with an ea ly screening process. The exudates can be identified 
on the ophthalmoscope as areas with hard white or yellowish 
colors with varying sizes, shapes and locations. They normally 
appear near the leaking capillaries within the retina [4]. 
Exudates are one of the most common occurring 
lesions in diabetic retinopathy. The shape, brightness and loc- 
ation of cxudates vary a lot among different patients. 
Techniques in the exudates detection can be classificd into 
three categories: thresholding, edge detection and 
classification. 

The thresholding method is straightforward, but the 
automatic selection of the threshold is difficult. The main 
concern of the methods based on edge detection is how to 
distinguish the edges of exudates from the edges of vessels and 
other lesions. Statistical classification and neural network were 
also attempted, which are cataloged into the classification 
approach. It is still difficult for these methods to detect 
cxudates robustly in fundus images. 

The optic disc is the brightest part in the normal fundus 
image that can be seen as a pale, round or vertically slightly 
oval disc. It is the entrance region of blood vessels and optic 
nerves to the retina and it often works as a landmark and 
reference for the other features in the retinal fundus image. 


Usually in the normal eye, physical diameter of the optic disc 
is about 1.5mm [5] on average. The location of the optic disc 
is essential in retinal image analysis to measure distance and 
identify other anatomical parts in retinal images. 


B. Exudates detection 


The illumination in fundus images is not homogencous; a 
fundus image is divided into sixty-four sub-images. Exudates 
detection 1s performed in each sub image. The color difference 
of an object can be defined as: 


DG, j) = (LG, J ~ Lr )2 + (ui, j) — ur )2 (10) 


Where (i, j) and u(i, j) are the colors of pixel (i, j) in the 
component L and u respectively. Lr and ur are the reference 
colors of the object. The reference color ts determined as the 
gravity center of the object [6]. Mcan squared filter is used to 
remove noise. A combined method of icgion growing and edge 
detection, which includes seed selection, edge detection and 
growing criteria, is employcd here to detect the exudates. It 1s 
noted that some local minima are from the retinal background 
since the retinal background is uneven. Local minima below a 
certain threshold are chosen as the seeds. The edges in a sub- 
image are detected by the Canny edge detector. As some weak 
edges still cannot be detected, other features are examined 
besides checking if the region has reached an edge. Three 
criteria are employed: 


(a) The gradient of the pixel is lower than a threshold T1; 


(b) The difference between the pixel value and the mean 
value of the region is lower than a threshold T2; 


(c) The difference between the pixel value and the value of the 
seed is lower than a threshold T3. 


C. Optic disc detection 


The optic disc is the exit point of retinal nerve fibers 
from the cyce, and the entrance and exit point for blood vessels. 
Since the blood vesscls passes through the optic disc, the 
blood vessel regions have to be replaced with optic disc pixels 
[7]. ‘The blood vessel regions are replaced with the nearest, 
highest grey level pixels by gray leve! morphological closing 
operation using the square structuring clement of size slightly 
bigger than the blood vessel width (1/40 of retinal diameter). 
Histogram is taken for this closed image which ıs used for 
segmentation of the brighter regions using thresholding 
method. : 

Images having bi-modal histogram can be segmented in to 
the background and foreground objects by threshold value by 
maximizing the between-class variance. But the histogram of a 
retinal image will be a multimodal due to the presence of many 
features such as arteries, veins, optic disc, fovea and exudates. 


_ Hence a multilevel threshold method has to be employed to 


extract the optic disc and exudates in retinal images. 
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D. Vessel Extraction 


Vessel tracking in fundus images is of significant 
importance for many reasons. First, it provides a map of the 
retinal vessels of the eye, from which a reference frame may be 
derived that would ease the process of associating objects (e.g. 
lesions, anatomical structures) with absolute coordinates. 
Second, it allows the localization of stable anchor points (such 
as bifurcations) needed for image registration [8]. Third, it 
allows the characterization of veins and thus the potential 
detection of a very specific pathology called veinous beading 
(tortuosi-ties in veins that reflect the progress of diabetic 
retinopathy).Finally, it turns out to be helpful to other 
recognition algorithms by facilitating the removal of the 
vascular network. (For instance, algorithms dedicated to the 
detection of micro-anyeurisms are known to ‘get confused’ by 
the presence of vessels.) ` 

Vessel extraction is done by using connected component 
method. In the connected component method the connected 
areas are extracted from the background image. In this method 
the gradient of adjacent pixels are evaluated first and after that 
the region property of the image is applied. The blood vessel 
shows connected graph nature. So one of the region properties 
such as the area of the connected regions are extracted with the 
help of a filter. From the extracted vessel the width of the 
vessel -is calculated and checked with the standard one to 
detect whether the patient is diabetic or not. 


E. JPEG Image Compression . 


JPEG compression includes both lossless and lossy 
modes [9]. The acceptable solutions of this compression 
problem are based on the human visual system and the fact that 
the human eye is insensitive to certain changes in an image, 
and tolerant of a wide range of approximations [9]. The JPEG 
compression takes advantage of the fact that a loss of data is 
acceptable, 

There are basically four steps in the JPEG algorithm. 
First it is necessary to break the XN image into local 
blocks, most popularly into 8X8 blocks. Second, these 
blocks need to be transformed, using the cosine transform, in 
order to identify the high frequency components. The cosine 


` transforms exchanges raw spatial information for information ` 


on frequency content. Then a quantizing method, or a 
. "rounding" procedure, needs to be applied to the transformed 
coefficients. The high frequencies are usually reduced 
considering the human eye is insensitive to high frequencies. 
The fourth step is encoding the output of the quantizing step. 
The JPEG standard uses Huffman and arithmetic coding [9]. 


F. Fractal image compression 


1. Iterated Function Systems 
Iteration is a process, or set of rules, which one 
repeatedly applies to an initial state. Iterated Function Systems 
set the foundation for Fractal Image Compression. The basic 
idea of an Iterated Function System is to create a finite set of 


contraction mappings, written as affine transformations. based 
on what image one desires to create [10]. If these mappings are 
contractive, applying the IFS to a seed image will eventually 
produce an attractor of that map. It does not matter what the 
seed image is for the mappings, the same fixed point will be 
produced regardless. 


2. Algorithm for Fractal Image Compression. 


i. Inputa binary image, call it M. 

2. Cover M with square range blocks. The total 
set of range blocks must cover M, without 
overlapping. 

3. Introduce the domain blocks D; they must 
intersect with M. The sides of the domain 
blocks are twice the sides of the range blocks. 

4. Define a collection of local contractive affine 
transformations mapping domain block D to 
the range block R, 

5. For each range block, choose a corresponding 

“domain block and symmetry so, that the 
domain blocks n the range block. 

6. Write out the compressed data in the form of a 
local IFS code. 

7. Apply a lossless data compression algorithm 
to obtain a compressed IFS code. 


G. Fractal Denoising 


In fractal denoising the relation between a noisy image and 
its noiseless counterpart is found out specifically in terms of 
their respective fractal gray -level map coefficients. This 


- relationship provides a method of estimating the fractal 


parameters of the noiseless image from those of the noise free 
image [11]. From the former a fractal representation of the 
noiseless image can be reconstructed. 


Ii. RESULT AND DISCUSSION 


- The retinal images were taken with a fundus camera 
during mass screening. These images saved as a 24-bit true , 
color BMP file of 512x512 pixels. The first process performed 
is the feature extraction process. The preprocessing of the 
retinal images is done for removing the noise effect and 
averaging the intensity variations. Extraction of exudates and 
optic disc is done next and after that vessel extraction 1s 
performed. The features obtained are stored and compared 
with the standard values to check whether the patient is 
diabetic or not. This is done by checking the vessel width with 
the standard value of 1.5 mm and also by measuring the 
exudates area we can measure the rate of diabetic. The 
resultant images are then subjected to both JPEG and fractal 
image compression by 90%; 80%, 70% and 0%. Histogram 
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matching compare the PSNR valucs of both compression 
techniques. After JPEG and Fractal image decompression the 
features are extracted from the resultant image and are Detection of optic dise and exudates 
compared with the features extracted from the original image. 
The error is found to be small in fractal mage compression 
compared to JPEG and provide good compression ratios. 


Considering that each pixel requires 8 bits to store 
the values of 0 to 255, to store an 256X256 image pixel by 
pixel would require 65536 bytes (around 65KB). Using 
‘Fractal Encode’ and ‘Fractal Decode’ with any chosen error, to 
store an image of this size with a range block size of 4x4 > 
pixels only requires 11776 bytes. The compression ratio is 
better than 5:1. Of course, increasing the range block size to 
8x8 pixcls improves the compression to only 2688 bytes, 
with a compression ratio of approximately 24:1. The larger 
range block sizes allow higher compression ratios. The time 
needed to produce the attractor image is based on how much 
crror is allowable in the transformations. The larger the error, 
the quicker the compression obtained. The usc of the image 
will determine the required amount of compression and image 


quality. 





The result of fractal image compression and JPEG 
compression and their histogram matching will be produced in 
the middle of October 


Gray equivalent of the retmal image Image after Vessel extractson 
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TV. CONCLUSION 


The cffect of fractal image compression on screening of. 
diabetic retinopathy is explained here. By providing fractal 
image compression the on linc communication of doctors to 
sce the current condition of the patient and able to provide a 
better diagnosis .This is done by taking the advantage of 
fractal image compression such as smaller size for storing the 
physical data and also provides faster data rates compared to 
other types of compression. The error occurred between the 
data before after compression is less in the case of fractal 
image compression compared with JPEG compression and 
also provide good compression ratio. 
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Abstract— A novel technique for protein secondary structure 
prediction is presented here. Instead of using a single sequence 
window of residues, five such windows of sizes 5,7,9,11,13 
residues are used here for prediction of structural states of the 
central residues of the windows separately with Multi Layer 
Perceptron (MLP) based classifiers trained on the basis of a 
powerful 8-clement feature ser Prediction decisions thus 
produced are finally combined through majority voting to reach a 
consensus on the structural states of the unknown protein. The 
structural states targeted by this technique include felix, f- 
strands.and turn. On being tested on proteins from SWISS-PROT 
Protein Data Bank, the performances of the present technique 
are found more or less comparable with that of the three 
important existing methods, viz, GOR4 [12], NN-PREDICT [13], 
and SIMPA96 [14]. 

Keywords—Protein secondary Classifier 
combination, Majority voting. 


structure, 


I. INTRODUCTION 


Proteins are formed with chains of amino acids to constitute 
the core materials of living cells. which are responsible for 
most of the biological function of the cells. Protein secondary 
structure prediction is an important area of Bioinformatics. It 
1s required for rational drug design by interpolating activities 
of an unknown protein from the functions of a group of 
known proteins of the identical structures. 

Each protein folds into a 3D structure through interactions 
of neighboring amino acid sequence. Folding makes a protein 
biologically active. It begins with interactions between close 
neighbors of an amino acid sequence to form helical structures 
known as a-helices. Amino acid chains are aligned into sheets, 


through more distant interactions, which are called f-sheers. 


Regions between a-helices and B-shects are called loops. The 
loops bent to follow the shape of a hairpin in the protein chain 
form the structure called turn. A turn may be as short as two 
amino acids in length. A region of the secondary structure that 
is not an a-helices, B-sheets oi a recognizable turn is 
commonly referred to as A coil. All these structures discussed 
so far are called secondary protein structures [1]. 

Secondary Protein structures further fold to form tertiary 
protein structwes with additional amino acid interactions. For 
prediction of secondary protein structures, information about 
the amino acid sequence of the protein is necessary. And, for 
prediction of tertiary protein structures information about the 
secondary protein structure is necessary 


H. A BRIEF REVIEW OF THE PAST WORK 


Inthe early days of research on protein structure prediction 
ie, in mid and late 1950s, techniques like X-1ay 
ciystallography and NMR spectroscopy were applied for this 
work. Such methods are not only expensive but also very time 
consuming. 

The work on protein structure prediction has been going on 
for nearly last fifty years. Algorithmic procedures for 
prediction of secondary protein structures were started to 
evolve from late 1970s. In this connection, some of the 
important contributions came from Chou and Fasman [2], 
Qian and Sejnowski [5], GORIV [3], NN-PREDICT [7], 
SIMPA96[14], Rost and Sander{7].Propensity values of 
different amino acids for forming different secondary 
structures play a key role in secondary protein structure 
prediction in general. All the algorithimic methods evolved so 
far for secondary protein structure prediction mainly differ in 
how residue information from amino acid sequences are used. 
Each element of an amino acid sequence representing a 
specific monomer of the corresponding protein, ıs called a 
residue. Out of various algorithmic methods for secondary 
protein structure prediction, the older ones mostly depend on 
single residue statistics expressed by their propensity values. 
The modern methods mostly depend on information from a 
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group of adjacent residuc, i.e. an amino acid sequence 
window, and sets of homologous sequences. Homologs are 
proteins having similar structures due to their shared ancestry. 

The work by Chou and Fasman [2] represents an important 
piece of old method. Search for contiguous regions of residues 
with a high probability of forming a secondary structure 
‘feature is central to this work. The accuracy of such method 
was later found to be overestimated, as the databases used for 
supplying the statistical: information could not be made 
sufficiently exhaustive due to the low number of known 
protein structures. 

In the pioncering work of Qian and Sejnowski [5], 
secondary protein structures are predicted through two levels 
of refinements. In the first level, probabilities for forming 
three secondary structures, i.e., a-helices, B-sheets and loop 
region are produced through a neural network supplied with 
the residuc identities i.e., identities of constituent amino acids 
of a 13 residue sequence window coded with a 20 bit coding 
per residue. The neural network predicts the probabilities for 
forming the said three sccondary protein structures by the 
central amino acid of the sequence window supplied to it. The 
process is repeated by sliding the sequence window residue by 
residue on the amino acid sequence of the unknown protein 
requiring structure prediction. On completion of this process, 


i.e., at the end of first level activities, probabilities of forming _ 


the three’ secondary structures by the constituent residues of 
the sliding window, which may also be considered as certainty 
of first level prediction decision are supplied to another 
network for obtaining refined prediction decisions about the 
secondary protein structures of an unknown protein at the 
second level. It is again performed through a window-by- 
window manner. The combined average performance of the 
two-cascaded neural network is expcrimentally observed to be 
64.3% on a test set of non-homologous proteins. This is the 
best possible performance on the training set of non- 
homologous proteins, as reported in [5]. i 

Prediction of the secondary structure of the central amino 
acid on the basis of information theorctic measure is central to 
a series of GOR methods devcloped throughout the period of 
1970s to 1980s {3][4][9][15]. 

What is common to all' the first three versions of GOR 
methods is that the structural state of a central amino’ acid is 
determined there on the basis of the maximum information 
sum produced by the neighboring residues on the central 
residue. In GOR IV method, the difference between the 
information sum for each structural state and that for the set of 
its complementary states is considered before determining the 
state of a central amino acid. The state, for which the 
maximum information difference is produced, is finally 
selected for the central amino acid. Here also the information 
equations remain complexly conditioned as in GOR M 
method. On a database of 267 proteins, the mean accuracy of 
GOR IV method was observed as 64.4% for a three-state 
prediction i.e., for a-helices, B-shects and coil . However, 
there is no scope for utilizing evolutionary information in 
GOR TV method. 


One of the important neural network based second 
generation methods is NN-PREDICT|6)[7]. A two layer feed 
forward neural network is used there for secondary protein 
structure prediction from amino acid sequences. The 
technique is reported to have obtained the best-case prediction 
of 79% for the class of all-alpha proteins. 

SIMPA96 is also another important window based method, 
which uses training data of short fragments, each of length 
equal to the window size, collected from protein sequences of 
known structures but minimal sequence similarity. For 
predicting secondary structures of an unknown protein 
fragments of equally sized sequences, extracted from 
unknown proteins, are compared with training data using 
Nearest neighbor method in search of the most similar 
fragments. 

Rost & Sander [11] made some significant upgradations in 
the neural network based paradigm for protein secondary 
structure prediction. In their work, they have used multiple 
protein sequence alignment with appropriate cut-offs to 
supply more enriched information about the protein secondary 
structure, compared to what can be supplied with a single 
sequence to the neural network. Multiple propein sequence 
alignments are generated from the training database for 
utilizing evolutionary information in secondary structure — 
prediction. In the work of Rost and Sander. they have also 
addressed the problem of inadequacy in the length distribution 
of the predicted helices and strands by introducing a second — 
level neural network for structure-to-structure prediction. But 
this can cnhance the overall accuracy only marginally. For 
final prediction of a protein secondary structure, a voting 
method is followed with the responses of 12 different neural 
networks working parallcly on the same input. With this, 
additional two percentage points in overall accuracy are 
gained. In testing the performance of their method, Rost and 
Sander prepared a database of 130 representative protcin 
chains of known structures. In this database, no two sequences 
can have more than 25% identical residues. With seven fold 
cross validation of results, the overall three-state prediction 
accuracy of the method is observed as 69.7%. It was three. 
percentage points above the highest value (66.4% [8]) 
reported previously. This is all about the brief descriptions of 
some of the important past works leading to protein secondary 
structure prediction, ` 


IN. MOTIVATION 


In the light of the above discussion, it appears that there is 
still some scope for studying how best multiple attributes or 
features of constituent residues of an amino acid sequence. 
such as amino acid type, hydrophobic value, structural 
propensity values, probabilistic measures of forming 
structures by each amino acid type can be utilized for 
sequence to structure prediction. A good tradeoff can be made 
among different window sizes by adopting a standard 
technique for combination of prediction decisions obtained 
individually with various window sizes about the structural 
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state of each residue. The work presented here mainly 
concentrates on these two aspects, i.e., how best different 
features of contiguous residues within a window can be 
utilized to decide about the structural state of the central 
amino acid therein and how prediction decisions about the 
structural state of each residue obtained with different window 
sizes can be combined. 


IV. THE PRESENT WORK 


In this work, three MLPs are employed for separately 
producing prediction decisions about the three structural states 
of the central residue of a hypothetical window placed over 
the amino acid sequence of a protein under consideration. In 
doing this, the necessary feature values representing the four 
types of features, as mentioned before, are extracted from each 
residue of the currently selected window and then supplied to 
the three MLPs separately. The total number of feature values, 
considered for this work, is 8. The number of inputs to each of 
the three MLPs becomes the product of the said number of 
features and the window size. And the number of outputs of 
the MLP becomes two, l.e., one for a particular structural state 
and the other for all other structural states. So, each of three 
MLPs employed for this work is required for recognizing onc 
of the three above mentioned structural states viz., helix, B 
strand, turn. 


A. The Feature Set 


The following are the descriptions of the four types features 
(Fo-F7) use in the present work. 

1) Amino Acid Type (Fo): Each residue position in a protein 
may bear one of the twenty amino acids, viz. A, R, N, D, C; 

Q, E,G, H, I, L, K, M, F, P, S, T, W, Y, V. They are coded 
with values varying from 0.05 to 1 in steps of 0.05. 

2) Hydrophobicity Value (F,): Hydrophobic values of all the 
amino acids are shown in Table I of the Appendix. For 
conducting experiments, hydrophobic values are normalized 
in the range from 0 to J. 

3) Structural Propensity Value (F2-F' 4): Each amino acid ina 
protein chain has its own structural propensity value to form a 
particular sccondary structure. Structural propensity values of 
each amino acid for forming helix, B-strand and turn are given 
in Table I in the Appendix. In this work, these structural 
propensity values of an amino acid residue , are considered as 
3 features. These values are also normalized here within the 
range from 0 to 1. 

4) Probability of forming a structure by each Amino Acid 
type (Fs-F;): The statistical knowledge about how frequently a 
particular amino acid forms each of the three said structures in 
the training data is also considered here for prediction of 
protein secondary structures. In doing this, the probability that 
each amino acid can form a particular secondary structure in 
the training data is computed for all the twenty amino acids 
and the three secondary structures, under consideration for 
this work, which are considered as three features here. 


B. Deciding about the window sizes 

Many methods examine different sequence windows of 13- 
17 residues and assume that the central amino acid in a 
window will adopt a conformation that is determined by side 
groups of all the amino acids in the window. The length for 
helices varies from 5 to 40 residues whercas that for B-strands 
varies from 5 to 10 residue [15]. Generally, helices are of 
longer lengths compared to strands and turns. Considering 
this, experiments for the present work are conducted by 
varying the window size from 5 to 13 residues in steps of 2. 


C. The MLP as a classifier 


Each of the above mentioned three MLPs is trained with a 
training set consisting of data from the two complementary 
classes ın equal proportion. 

For determining the structural states of residues of an 
unknown protein chain, the set of feature values extracted 
from a window of residues of the same protein is supplied to 
the three MLPs separately, whose outputs classifies the 
central residue of the window with some degree of 
confidence. Considering the maximum of these outputs from 
three MLPs, the structural state of the central residue is 
determined. If this maximum output value becomes less than 
0.5 then the structure of the cential residue is recognized as a 
Coil. 


D. Combination of Decisions obtained from different 

window sizes 

In the present work, the secondary structure of each residue 
of an unknown protein is determined with five different 
window sizes. Every residue of the unknown protein 1s 
marked with five possible prediction decisions on its structural 
state corresponding to five different window sizes. To decide 
about the residue structures finally, a majority voting is to be 
conducted for each residue of the unknown protein. This is 
how the prediction decisions about the structural state of each 
residue, drawn with different window sizes, are finally 
combined to reach a consensus. 


E. Results and discussion 


To test the performances of the technique presented here, a 
database is formed by selectively collecting 58 annotated 
proteins from SWISS-PROT Protein Data Bank. These 
proteins were also used for the pioneering work of Qian and 
Sejnowski[5] With the protein database thus prepared, a 
training data set consisting of 53 proteins and a test data set 
consisting of rest of the 5 proteins are formed. In forming the 
test set, the proteins of test set 2, used by Qian and Sejnowski 
, are selected only except one, which is not available from 
SWISS-PROT data bank. The proteins of the test set thus 
formed have homology with the proteins of the training set, as 
investigated by Qian and Sejnowski [5] using the method of 
Kabsch and Sander. 

To test the performances of the technique presented here, a 
database is formed by selectively collecting 58 annotated 
proteins from SWISS-PROT Protein Data Bank [10]. These 
proteins were also used for the pioneering work of Qian and 
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Sejnowski [5] . In fact, more proteins were used for that work. 
But not all of them are available from the SWISS-PROT Data 
Bank. The performance of the structure prediction technique 
as observed after voting is measured here on the basis of the 
following Q,=(P, + Ps + P wm)/N, where Pa , Ps P tum are the 
numbers of correctly predicted helices, B strands and turns in 
the residues respectively, and N ıs the total number of 
residucs. Q, provides an overall success rate of the technique. 
The performances of the technique are also analyzed on the 
basis of certain parameters, viz., TP (i.e., Truly identified 
Positive instances of data), FN (1.e., Falsely identified as 
Negative instances of data) and FP (i.e., Falsely identified as 
Positive instances of data). All these are shown in Tables (I- 
V) for the five test proteins selected for this experimentation 


Table I Protein P00336, Q3=51.219%% 
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To make a comparative assessment of the performances of 
the present technique, thiee of the existing techniques, vız., 
GOR4 [12], NN-PREDICT[I3}] and SIMPA96[14], are 
separately applied on the same test data, on which 
performances of the present technique are computed. The said 
three techniques are considered here mainly because of thé 
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fact the tools based on these techniques are readily available 
through Internct for testing. To make a visual presentation of a 
comparative assessment of the present technique and the said 
three, Bar charts showing the performances for helices and B- 
strands are shown in Figs. (1-V) for all five test proteins. In all 
these figures, the bar charts labeled with ‘MULTI-MLPs’ are 
obtained by the present method. 
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Fig IV. Bar chart drawn with P07195 
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These bar charts are drawn for graphical 1epresentations of 
Pa , Pp for each of these four methods, including the present 
one. Since tums are not separately predicted in the said three 
of the existing methods, Pum is not considered for drawing 
these bar charts. On analysis of the bar charts, it can be 
observed that, out of the five cases, in two cases, i.e., for 
Protein PO1009 and P00617 the performances of the present 
technique are more or less comparable to that of the said three 
techniques. For f-strands, the performance of the present 
technique more or less excels that of the existing three 
techniques for Proteins P00336 and P07195.The present 
technique fails miserably on -strand data collected from 
P02208. NN-PREDICT also does the same in this case. It is 
possibly because of presence of strands in P02208 data in a 
very small proportion. 


V. CONCLUSION 


In conclusion, it can be said that the performances of the 
present technique are more or less comparable with that of the 
three important existing methods, viz., GOR4, NN-PREDICT, 
and SIMPA96. This has been possible without incorporating 
evolutionary information through alignment of homologous 
proteins and adopting a second level structure-to-structure 
prediction paradigm. The power of the present technique 
mainly lies in the feature set selected for this work and the 
combined decision obtained from prediction decisions 
produced with 5 different window sizes. 


APPENDIX 


Table I. Amino Acid Propensity and hydrophobicity 
values 





ACKNOWLEDGMENT 


Authors are thankful to the “Center for Microprocessor 
Application for Training Education and Research”, “Project 
on Storage Retrieval and Understanding of Video for 
Multimedia” of Computer Science &  Engincering 
Department, Jadavpur University, for providing infrastructure 
facilities during progress of the work. Authors are also 
grateful to SWISS-PROT protein databank for online help. 
Onc of the authors, Mrs. P. Chatterjce is thankful to Netaji 
Subhas Engineering College. Garia for kindly permitting her 
to carry on the research work. 


REFERENCES 


{1] David Mount, “Bioinformaucs Sequence and Genome Analysis” 
second edition] 456 

[2] P.Y Chou and G.D. Fasman, “Prediction of Secondary Structure of 
Proteins from then amino acid sequence”, Advances in Enzymology and 
Related Areas of Molecula: Biology, 47.45-148,1978 

[3] JGanmer, D J-Osguthrope and B Robson, “Analysis of the accuracy 
and implications of simple methods for piedicting the secondary 
suuctuie of globular protem” , Journal of Molecular Biology, 120 97- 
120,1978. 

[4] J.GannierJ.F. Gibrat and R.Robson, 
protein secondary structure from amino acid sequence”, 
Enzymology.266:540-553, 1996 

[5] N. Qian, TJ. Sejnowski, “Predicting the secondary structure of globular 
proteins using Neural Network models“, Journal of Molecular Biology. 
202. 865-884, 1988, 

t6] D.G. Kneller, F. E Cohen and R Langridge, “improvements in protein 
secondary structure prediction by an enhanced newal network”, Journal 
of Molecular Biology.2 14(1):171-182, Jul 1990 

[7] http:/Avww cmpharnuncsf.edu/%7Enominnpredict.html 

[8] B.Rost and C Sander, “Prediction of piolein secondary structure at 
better than 70% accuracy”, Journal of Molecular Biology,232(2)534- 
599,Jul 1993. 

(9] J. Gibrat, J. Garnier, & B.Robson, ‘ Further developments of protein 
secondary suucture prediction using information theory—new 
parameters and consideration of residue pairs. J Mol Biol .198 : 425-443, 
1987. 

[10] hup X www.expasy.ch 

{H} B.Rost, C. Sander, “Improved prediction of protein secondary structure 
by use of sequence profiles and neural networks” , Proc Natl. Acad Sci 
USA, vol 90, 7558-7562, 1993. ' 

[12] htup:/npsa-pbil-ibep.ft/cgi-bin/npsa_automat.pl?page = 
htmi 

[13] httpJ//npsa-pbil-ibep fi/egi-bin /npsa_automat.p!?page = npsa_ nn, html 

[14] hup.//npsa-pbil-ibcp fr/cgi-bin /npsa_automat pl?page = npsa_ simpa 
96.html 

[15] Kloczkowski.A, ‘fing K-L, Jerigan RL. Gamier J ,"Piotein Secondary 
Structure Prediction based on the GOR algonthm incorporating muluple 
sequence alignment information “, Polymer 2002;43.44 1-449 


“GOR method for predicting 
Methods in 


npsa_ gord 


210 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


Study of EEG Signals under Photic Stimulation 


Mohandas KP and Rameshkumar P 


National Institute of Technology Calicut,Calicut, Kerala 673601, Email-kpmdas@ yahoo com 


Abstract: EEG Signals have been used as one of the most effective 
methods for the diagnosis of brain disorders like epilepsy . As the 
onset of EEG cannot be easily predicted one of the ways of 
studying and classifying different types of brain disorders is to 
induce mild form of epilepsy by stimulating the cycs with light of 
controlied intensity and frequency. This is called photic 
stimulation. Nonlinear parameters such as correlation dimension 
and entropy can be used as measures for the state of the brain 
under different levels of epileptic conditions. 


Key words—EEG signals, biomedical signal processing, 
nonlinear analysis of EEG 


_ INTRODUCTION 


LECTROENCEPHALOGRAMS (EEG) have been used 

as an important clinical tool for the evaluation and 

diagnosis of brain disorders and mental activities. Even 
though the EEG is indicative of mental activities, the online 
analysis of a non-stationary EEG signal is a complicated 
process. Epilepsy is a chronic neurological condition 
characterized by recurrent seizures caused by abnormal 
cerebral nerve cell activity. Photic stimulation is a method of 
stimulating seizures in epilepsy patients by subjecting the 
patient to light flashes of varying intensity and then observing 
the changes in the pattern of EEG. Several attempts have been 
made in modeling of EEG signals using linear time series 
models. These have been found to be moderately adequate for 
detection of epileptic spikes in EEG signals to a reasonable 
extent. However in order to analyze the variation of EEG 
signals recorded under different conditions or for developing 
techniques for brain computer interfacing and for classifying 
the type of epileptic seizures, non-linear analysis of EEG 
signal provides a better means, In this paper, the non-linear 
parameters correlation dimension and entropy are employed to 
investigate the complexity of EEG signals. The study shows 
that these parameters can be effectively used to study the 
variation of EEG signals under different stimulated 
‘conditions. It is seen that the EEG signals exhibit chaotic 
behavior when it contains spikes. 


Il. EEG SIGNALS AND BRAIN DISORDERS 
The maim sources of EEG potentials are cortical neurons, 


which are arranged in layers beneath the cortical surface. 
Within each layer, neurons are aligned in bundles oriented 


perpendicular to the cortical surface. EEG signals are 
continuous variations of summated cellular electrical 
potentials as a function of time and location. If two electrodes 
are applied to the surface of human brain, a sensitive 
instrument can show continuous fluctuation of electrical 
potential difference between two electrodes. The EEG is a 
measure of this potential, which represents signal containing 
information about the condition of brain. The shape of the 
wave may contain useful information about the state of brain. 
The analysis of recorded EEG can be done for estimation of 
brain state and for diagnosing brain diseases such as traumatic 
brain injuries, brain tumors, epilepsy. Alzheimer’s disease, 
sleeping disorders, and other psychometric disorders. Analysis 
of recorded EEG data is presently the least expensive and 
most widely used way to effectively and non-invasively study 
human brain function. 

The characteristics of EEG signals may be studied using 
different measures, One of the most common measure is the 
different frequency components such as alpha , beta, theta, 
delta and other components. These are identified by their 
features a follows : 


Table 1.Components in EEG - Frequency Ranges 


Range Hz 
blood flow 


18 -25, 14- | High amplitude in 
16, 35-40 drowsiness, light sleep and 
rapid eye movements 


6-7 Heightened emotional 
states 


30-100 Cognitive functions such 


as attention, learning and 
m. ARTIFACTS AND THEIR REMOVAL 








memo 


The recording of physiological signals is prone to a variety 
of extraneous influences that may add up to, or completely 
mask the signals of interest. These unwanted signals are 
usually referred to as ‘artifacts’ and they make it difficult for 
the physician to interpret the outcome of the recording and in 
some cases they lead to an erroneous diagnostic or 
misinterpretation of the information. Artifacts are generally 
divided into two groups: physiological and nonphysiological. 
Physiological artifacts usually arise from generator sources 








Proceeding of International Conference MS’07, India, December 3-5, 2007 


within the body but not necessarily the brain such as due to 
eye movements, due to electrocardiographic, 
electromyographic, glossokinetic effects or artifacts due to 
physiological movements etc. Non-physiological artifacts 
come from a variety of sources, which includes instrumental 
artifacts, electrode artifacts, environmental artifacts etc. 


TV. PHOTIC STIMULATION FOR EEG STUDIES 


EEG is considered as the most useful and important test 
in confirming and diagnosing epilepsy .The recorded EEG 
data 1s analyzed and studied to get a clear idea about the kind 
of epilepsy the patient is suffering from. But some people with 
abnormal EEG results do not have epilepsy and some people 
who have epilepsy will have normal EEG results despite 
repeated tests. If the doctor suspects that a person has cpilepsy 
but the EEG ıs normal then the patient may be subjected a 
technique of stimulating the seizure called photic-stimulation. 
In this technique, pulsed light of variable intensity and 
frequency is shown to the eyes of the patient after the patient 
has been placed around 30cm from the photic stimulator 
device. Separate ten seconds trains of flashes are given for 
each frequency with intervals of seven seconds [1]. If we 
observe the EEG under photic stimulation we can observe 
seizure in the EEG waveform of the patient if the patient is 
suffering from photosensitive epilepsy. This recorded EEG 
data can be used for clinical analysis of the disease. The 
photic stimulation has shown itself to be very effective in the 
treatment of whole range of illness and complaints including 
migraine, insomnia, stress, seasonal affective disorder and 
attention deficit disorder [2]. 


Doctors treat epilepsy primarily with seizure-preventing 
medicines. Although seizure medications are not a cure, they 
contro! seizures in the majority of people with epilepsy. 
Surgery, diet (primarily in children), or electrical stimulation 
of the vagus nerve, a large nerve leading into the brain, may 
be options if medications fail to contro! seizures. Several 
drugs (called antiepileptic or anticonvulsant drugs) are 
prescribed to prevent seizures. Many factors are involved in 
choosing the right seizure drug. The goal of treatment is to 
stop seizures without side effects from the medicines [3,4]. 
Portable photic stimulation devices have been developed 
recently . Many researches are currently studying the 
effectiveness of pulsed light therapy or photic stimulation as 
treatment for brain disorder. 


V. NONINEAR PARAMETERS FOR EEG STUDIES 


The importance of the biological time series analysis, which 
exhibits typically complex dynamics, has long been 
recognized in the area of nonlinear analysis. Several features 
of these approaches have been proposed to detect the hidden 
important dynamical properties of the physiological 
phenomenon [5]. The nonlinear dynamical technique is based 
on the concept of chaos and it has been applied to many areas 
including the area of medicine and biology. The nonlinear 


analysis technique is found to be a better approach than 
traditional linear methods in characterizing intrinsic nature of 
EEG. Efforts: have been made in determining non-linear 
parameters for pathological signals and it has been shown that 
they are useful indicator of pathologies. The chaotic behavior 
at neural level could be responsible for brain diseases such as 
insomnia, epilepsy and other brain disorder [5]. The analysis 
of nonlinear dynamics in EEG could improve medical 
diagnostics and the understanding of physiological processes. 
It can provide information about the timing and locations of 
inter ictal activity, the duration and pattern of spread of ictal 
discharge for patient with epilepsy and seizures. Automatic 


and real time seizure detection would be very useful in clinical. 


practice. Thus automated methods for EEG analysis are 
attractive and beneficial to conventional visual analysis 
procedure. In analysis of EEG data here, different non-linear 
parameters such as correlation dimension and approximate 


„entropy are used. A brief description of the non-linear 


parameters is given below. 
Correlation dimension 


The dimension of a graph, which gives information about 
the nature of the system, can be determined from experimental 
data. This is useful in understanding the system, particularly 
for deciding whether the system is periodic, chaotic or noisy. 
Correlation dimension is one of the most widely used 
measures of fractal dimension, which describes the 
dimensionality of the underlying process in relation to its 
geometrical reconstruction in phase space. According to 
Grassberger and Procaccia algorithm [5,6], construct a 
function C (r) that is the probability that two arbitrary points 


on the orbits are closer together than r. This is done by | 


calculating the separation between every pair of N data points 
and sorting them into bins of width dr proportional to r. 
Correlation dimension was calculated using the distance 
between each pair of points in the set of N number of points, 


sti, ) =|x, - X,| (1) 
A correlation function C (r) is calculated using the formula, 


C(r) =— (Number of pairs of (i, j) with s(i, j)<r) (2) 


The C(r) has been found to follow a power law C(r) =k r? 
then by definition correlation dimension CD is given by, 


cp==lim 86) (3) 
r0  log(r) 

The correlation dimension can also be estimated using a new 
method called Gaussian Kernel algorithm [7]. The Gaussian 
kernel algorithm allows one to simultaneously estimate the 
complexity of the deterministic structure (correlation 
dimension and entropy), the scale of noise contamination and 
the distribution of inter-point distance. The Gaussian kernel 
algorithm is employed in this work for evaluating the non- 
linear parameters correlation dimension and entropy [8]. 


Entropy 
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Entropy is the thermodynamic quantity describing the 
amount of disorder in the system [7]. From information theory 
perspective, the above concept of entropy is generalized as an 
amount of information stored in more general ‘probability 
distribution. The theory was supported by the contributions by 
Shannon, Renyl and Kolmogorov Entropy is determined from 
the embedded time series data by finding points on the 
trajectory that are close together in phase space but which 
occurred at different times. These two points are then 
followed in to the future to observe how rapidly they move 


‘apart from one another. Entropy reflects how well one can. 


predict the behavior of each respective part of trajectory from 
the other. Higher the entropy indicates less predictable and 
closer approach to stochasticity. Entropy applied to EEG 
signal analysis it reflects the intra-cortical information flow in 
the brain. 


Significance Of Non-Linear Parameters 


The non-linear parameters can represent 
the complexity of the physiological signal such as EEG and 
ECG. If the complexity of a system is more, the correlation 
dimension takes a higher value [9]. It is well known that the 
dimension of EEG time series is closely related to the 
cognitive activity of the brain. The dimension increases with 
the degree of cognitive activity of the brain. During the 
condition of epilepsy the brain will not be involved in any 
type of cognitive activity hence the complexity of the brain 
reduces and the correlation dimension takes a lower value. 
This shows that correlation dimension can be employed as a 
direct measure of the complexity of brain. 


A chaotic signal is a signal produced by an 
autonomous chaotic system in response to an initial condition 
that leads to aperiodic behavior .It is possible to use the 
nonlinear parameter as measure of the degree of chaos. Higher 
the value of correlation dimension implies that the system is 
periodic and lower the value indicates that the system is 
exhibiting a chaotic behavior .If the signal contains spikes the 
system looses its predictability and the correlation dimension 
takes a lower value implies the system exhibits a chaotic 
behaviour. An uncorrelated random noise is completely 
unpredictable, it essentially fills up any space in which it is 
embedded and therefore its correlation dimension is 
theoretically infinite. Correlated random noise is expected to 
have a high dimension also but dimension estimates from 
short data records of correlated noise can be surprisingly low. 
So filtering with a linear Finite Impulse Response filter has 
been shown not to seriously corrupt the estimate of correlation 
dimension and report that various non-linear filtering schemes 
improve the ability to determine correlation dimension in their 
. particular applications. The correlation dimension will be 

overestimated if the amount of noise content in the signal is 
more. [9] - 


Entropy provides generalized measure of regularity of a 
system. A deterministic signal with high regularity has a 
higher probability. Such a signal will hold a smaller entropy 


value; whereas a random signal has a very low regularity and 
will hold a high entropy value. In other words, a time series 
containing many repetitive patterns has relatively small 
entropy and a less predictable process has higher entropy 
value [6]. In the case of an EEG signal, a normal EEG pattern 
has many repetitive patterns so that such a signal will have 
relatively lower entropy value compared with any 
abnormality. 


VI. RESULTS OF NON-LINEAR ANALYSIS 


The non-linear analysis has been carried out on the three 
stage of the recorded EEG, which is normal, pre-photic and 
photic stimulated condition. The variation on these parameters 
has been studied. Here we employ the above discussed 
Gaussian kernel algorithm for finding the non-linear 
parameters. 


Now considering the normal EEG data of patient !, the 
correlation dimension and entropy is found with different 
values of embedding dimension ranging from 2 to 20. as 
shown in Fig.!.The correlation dimension holds a constant 
value for an embedding dimension in the range of 14-16 and 
18-20 after a gradual rise in initial portion of the graph. 
Entropy holds more or less constant value after an embedding 
dimension of 4. The plot of EEG shows there is no spike 
content in the waveform and it indicates that it is a normal 
data. Now considering another set of EEG data of patient | 
before the photic stimulation and the above procedure for 
finding the non-linear parameters carried out. The variation in 
non-linear parameters under the pre-ictal stage is shown with 
different values of embedding dimension 

Fig 2 shows the variation of correlation dimension for pre- 
photic EEG It is seen that it takes a constant value for an 
embedding dimension of 10-12 and 18-20.The plot for EEG 
shows that there are some spike content in the waveform with 
high magnitude and sharp slope indicating,the presence of 
disorder in the brain. Entropy does not follow any particular 
order of variation with embedding dimension in this case. For 
a particular embedding dimension the correlation dimension 
holds a higher value in the case of normal EEG compared to 
the one with spike content indicating that the complexity of 
brain is more in. normal case. The higher the value of entropy 
in the second case shows that the system will become less 
predictable due to presence of spike. The same procedure 
finding the non-linear parameters carried out for the EEG data 
under photic condition that contains more number of spikes 
than previous two cases. 

The Fig 3 shows that variation of correlation dimension and 
entropy with embedding dimension for EEG under photic 
stimulation. Correlation dimension takes approximately 
constant value for an embedding dimension of 10-12 and 14- 
20 range. The entropy decreases after an embedding 
dimension of 4 and bears constant value there after. The EEG 
plot shows that are many spike present in the data with high 
amplitude and sharp spike indicating the presence of 
abnormality. The Table II below shows the comparison of 
correlation dimension for three cases with an embedding 
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dimension of 10 and 20. 
Table IT Variation of correlation dimension with 


$ embedding dimension 
Normal Pre- Photic 
photic 
l 


2.345 2.198 | 2.037 
4.583 3.783 | 3.321 

Table II shows that correlation dimension takes a lower 

value when there is spike content in the EEG compared to that 


of a normal EEG. This proves that the complexity of the brain 
is reduced during epilepsy or other brain disorders. It is well 
known that the complexity of brain will be more when we are 
thinking, or doing some cognitive tasks. Then, the correlation 
dimension takes a higher value. But on the onset of epilepsy, 
the brain will not be involved in any type of cognitive activity 
or even the patient may loose his consciousness due to which 
the complexity reduces and the correlation dimension takes a 
lower value. The comparison of the entropy value is given in 
Table JU 













Embedding 
dimension 


Table NI. Variation of entropy with embedding dimension 


Patient Embedding | Normal Pre- Photic 
dimension photic g 


The above procedure of non-linear analysis has been 
carried out for seven patients and parameters compared for a 
correlation dimension of 20.The seven patients considered 
here are of different kind seizure content in the EEG pattern. 
But the changes are occurring in the parameters in an ordered 
way in the sense that we can get a clear picture of how the 
parameters vary with spike content in the waveform. The table 
TV shows the variation of correlation dimension on different 
conditions for seven patients.. The values of non-linear 
parameters for the three cases such as normal, pre-photic and 
photic with an embedding dimension of 20 is shown in Fig 4 
with the help of a bar graph to easily understand the 
variations. 








The plot clearly indicates that the values of correlation 
dimension is lesser in the case of pre-photic condition when 
compared with that of normal because of the presence of 
spikes in less amount during pre-photic condition. When we 
compare the correlation dimension in the photic condition 
with that of normal, there is an appreciable difference between 
the two because of presence of more number of spikes during 
photic stimulation. The plot confirms that the complexity of 
brain is reduced in case of photic stimulated condition 
compared to that of normal and:pre-photic condition. From the 










above discussion, we can conclude that correlation dimension 
is a reliable measure of complexity of the brain. 


Now consider the variation of the other non-linear 
parameters, entropy for the three stages such as.normal, photic 
and pre-photic for an embedding dimension of 20. The table 
IV shows the variation of entropy on different conditions. 


Tabic.IV. Correlation dimensions of different patients for 
an embedding dimension of 20 







458 | 376 361 3.71 
32 3.53 


The bar graph in Fig 5 shows the entropy takes a higher 
value in the case of pre-photic and photic stimulated condition 
compared with normal EEG. This is because the signal 
becomes less predictable when it contains spikes. In other 
words, a time series containing many repetitive patterns has 
relatively small entropy and a fess predictable process has 
higher entropy value. A normal EEG pattern has many 
repetitive patterns so that such a signal will have relatively 
lower entropy value compared with any abnormality. Here 
during pre-photic and photic stimulated condition the EEG 
contains some spikes so that its predictability decreases 
tremendously. More the amount of spike contents in the EEG 
higher the deviation in parameters from that of normal EEG. 
There is a difference in the case of patient2 and 3, the values 
of entropy is higher in pre-photic stage than that in photic 
condition because this patients data contains more spikes 
during pre-photic condition itself. 


VII. CONCLUSIONS 


The above study shows that the non-linear parameters can 
successfully describe the complexity of the brain. There ıs a 
decrease in correlation dimension during pre-photic and 
photic condition compared with that of normal EEG. The 
reason behind the drop in correlation dimension during photic 
stimulated condition or during the onset of epilepsy 1s that the 
cortex become more inactive and Jess number of neurons will 
be available for the processing of information also brain 1s not 
involved ın any type cognitive tasks or thinking. As we know 
that during thinking or doing some mathematical problem the 
brain will be in a more complex state and the measure of 
complexity that is correlation dimension takes a higher value. 
But during the onset of epilepsy the patient may loose his 
consciousness and contro! indicating that brain is not 
coordinating his action and the complexity measure takes a 
lower value. i 
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Considering the other non-linear parameter 
entropy, which shows that, a predictable signal takes lower 
entropy value compared with a less predictable signal. In the 
case an EEG signal a normal EEG pattern have many 
repetitive pattern so that such a signal will have relatively 
lower entropy value compared with an EEG with any 
abnormality. Here, when the signal contains spikes, it looses 
its predictability compared with a normal EEG. In other 
words, entropy takes a higher value. During the onset of 
epilepsy the EEG data is characterized by large number of 
spikes in which case the parameter entropy will take a higher 
value. A more general abnormality-detecting algorithm can be 
built by considering number of paticnt’s data under normal 
and abnormal conditions, which will help the physician in 
diagnosing brain disorder. 
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Abstract— Delay in cardiac repolarization causes ventricular 
tachyarrhythmias as well as Torsade de pointes (TdP). A feature 
of TdP is pronounced prolongation of the QT interval in the 
supraventricular beat preceding the arrhythmia. TdP can 
degencrate into ventricular fibrillation, leading to sudden death. 
Thus QT interval measurement and regular verification of the 
interval is important for analyzing cardiac health. A novel and 
simple approach to determine the duration of ventricular 
repolarization, i.e. QT interval of a recorded ECG wave is 
proposed here. Here a fully automatic method for measurement 
of QT interval is proposed, i.e. by five-point differentiation of 
ECG data and noting the slope change of the resulting graph. 
Points with zero slopes were considered as the end of respective 
waves. The algorithm is tested with physionct database. As per 
the analysis it was found that the algorithm provides accurate R 
to R duration & QT wave duration with crror within +3 %, in 
only some cases it is going upto +5 % and in a very few cases 
above that (which is very rare). 


Key words—Torsade de pointes (TdP), supraventricular, 
ventricular fibrillation, 


I. INTRODUCTION 


HE QT interval ıs measured as the time interval between 

the onset of the QRS complex and the end of the T wave. 

At the end of the T wave repolarisation is completed and 
the T wave voltage amplitude returns to the baseline [1]. The 
QT interval is thus a measure of the duration of the ventricular 
depolarisation and repolarisation. Some error may introduce in 
the QT interval measurement due to the fact that it may not 
return back to the base line or it may go below the base line 
along with the onset of U wave occasionally. 


It is seen that many drugs prolongs cardiac repolarization 
which in turn increases the QT interval. This may lead to 
ventricular arrhythmia as severe as torsade de pointes (TdP) in 
some critical cases [2, 3]. Hence accurate measurement of the 
QT interval is very important for intensive cardiac care and 
also for pharmaceutical industry. A statistically significant 
increase in the mean QT interval (corrected for heart rate) as 
small as 6 milliseconds between baseline and maximal drug 
effect may be important as a signal of repolarisation 
abnormality [4]. There are manual methods being used to 
measure this QT interval but these are not so accurate as well 
as not repeatable in general. Rather automatic QT interval 
measurement techniques are more accurate and reproducible 
[5, 6]. Many researchers have performed several fundamental 
works on determination of QT interval along with other 
characteristic waves. Yan Sun, Kap Luk Chan and Shankar Muthu 
Krishnan have proposed a multiscale morphological derivative 
(MMD) transform-based singularity detector for the detection 
of fiducial points in ECG signal, where these points are 
related to the characteristic waves such as the QRS complex, P 
wave and T wave [7]. Laguna P, Jane R, Caminal P have 
developed a method where the intervals of clinical importance 
can be detected by a multilead QRS detector that locates each 
beat, using a differentiated and low-pass filtered ECG signal 
as input and the waveform boundaries are located in each 
lead. 


Here ın this discussion a five point differentiation technique 
[9] of an ecg 1s performed followed by an estimation of slope 
of each point of the differentiated wave. The method ıs simple 
and is verified with over 150 data of the physionet[{10] 
database. A comparison study between the manual method 
and the proposed method 1s performed to check the accuracy 
of the proposed technique. 
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II. PROCEDURE 


From the physionet’s site 15 seconds of the database for 
different patients containing 15000 samples at a rate of 1000 
samples/ seconds were downloaded. These tab delimited 
database were converted to ‘.mat’ (dot MAT) form for proper 
& faster accessing by MATLAB. Of all the lead voltages 





available we were concerned about the V2 chest lead as this is 
where the QT is significant. The wave plotted was 
smoothened with SPLINES and then 5 point differentiation 
was done on it. From the differentiated form of wave QRS 
complex was detected as shown in the Fig 3. The T wave was 
then detected from the differentiated data peaks as in Fig 3 
here we use the absolute form of the differentiated data as this 
provides the same output even if the T wave is inverted. Thus 
from the start of QRS complex & end of T wave we get the 
QT wave. For the wave below of patient!52/s0004_re we 
have RR=0.852 sec & QT=0.441 sec programmatically. While 
manually the R to R is same but the QT value is 0.422 thus 
providing an error of 4.5% for a difference of 0.19 seconds 


I. RESULTS 


Of the 550 databases of 294 patients available at 
(littp://www.physionet.org) 166 databases comprising 52 
different patients have been analyzed. A few randomly 
selected statistics are given here. The programmatically 
obtained durations of R to R & QT waves were compared 
with those obtained visually and manually detected values. 
Thus it was found that though R to R values got by 5 point 
differentiation are exactly equal to the manually detected 
values there are still some slight differences in the values of 
QT within +5% error. 


TABLE! 
Companson of some QT intervals detected progiammatically with those 












| QT Duration | Duration Error % 

| Prog | Manual | 
apse 0.738 | 0.35 | 0.353 
cm Toa [030 | 03 
Sat om osn [oa [3a 


patient015/ 
50152Ire 0.882 | 0.382 0.521 
0.777 | 0.366 0.365 0.274 


patient024/ 

50083Ire 0.940 | 0.376 0.376 
patient027/ 

s0151lre 
patient044/ 

-patient048/ 

s017 1lre 0.615 | 0.319 0.319 
patient050/ 

50215lre 0.881 | 0.417 


patient152/ 
s0004_re 


TV. CONCLUSION 


We here by conclude that of all the data that we have 
analyzed we have found 47 within 0 to 0.5% error, 29 with 
0.5 to 1 % error, 34 with | to 2 % error, 23 with 2 to 3 % 
error, 14 with 3 to 5 % error, and only 19 with error above 
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5%. Thus out of 166 databases 133 were having less than 3 % 
error. This statistics is plotted in Fig. 7. 

The algorithm devised to detect R to R is very effective as 
there is no error between the programmatically detected and 
the manually detected value, while in case of the QT we have 
it within 5% error limit & with 76 out of 166 databases having 
crror less than 1% where the difference in time for error being 
less than 1% is | to 2 microseconds. But program would have 
been faster had it been programmed in C or C++, but this 
would have increased program complexity. So here we use 
MATLAB as it has inbuilt functions for SPLINES (for 
smoothening) and has user friendly file accessing & waveform 
plotting techniques compared to the C or C++ compilers. 


Eror Percentage of detected value 
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Fig 7 Error percentage Statistics of Detected Value of QT wave 
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Abstract—In this paper an attempt is taken to classify the 
Myocardial Infarction (MI) according to the location of the left 
ventricular cone where infarction actually occurs. For this 
purpose, 12 lead ECG PTB diagnostic database are considered. 
At first, the noises are eliminated from the signals with the help 
of smoothing and filtering techniques and then the clinically 
significant time-domain features are extracted according to a 
generated knowledgebase, developed from the opinion of reputed 
cardiologists and consultation of medical books. These extracted 
features are used as input parameters of a rough set based 
decision system for classification of normal and MI data and then 
for separation of MI according to its location in left ventricle. 


Key words—Electrocardiogram, knowledgebase, Myocardial 
Infarction, rough set, time-domain features. 


J. INTRODUCTION 


HE most widely used signal in clinical practice ıs the 

ECG. It is frequently recorded, and widely used for the 

assessment of cardiac function. It was thus one of the first 
signals where biomedical signal processing techniques were 
applied upon [1,2]. ECG processing techniques have been 
proposed to effect pattern recognition [1,3,4], parameter 
extraction, denoising, baseline correction and arrhythmia 
detection[6]. Although QRS complex is the most prominent 
feature in ECG and can provide useful information about the 
heart status, other parts of the ECG (P-wave, T-wave, etc) are 
also significant in determining the health status. Recently, 
researches for P-wave and T-wave detection algorithms 
started to appear but a parameter extractor in obtaining most 
‘essential ECG parameters (PQRST) is still not very popular. 
Considering that all these can be integrated together, an 
Intelligent Home Health Care Embedded System QHHCS) 
with essential ECG parameters extraction that can provide 
diagnosis about health status of patients directly at home ıs 
proposed [9].Neural networks (NN) based techniques are used 
for ECG pattern recognition and classification [7]. On the 
other hand, QRS detection 1s one of the most essential tasks in 
ECG analysis. A great research effort has been devoted in the 
development and evaluation of automated QRS detectors (8). 
An algorithm using Slope Vector Waveform (SVW) for ECG 
QRS complex detection and RR interval evaluation has also 


been reported. The algorithm consists two parts of operations. 
They are variable stage differentiation and non-linear 
amplification[10].Another method has been reported where 
ECG signals were first decomposed using wavelet transform. 
The feature vectors were then extracted from these 
decomposed signals as normalized energy and entropy. To 
improve the classification of the feature vectors of normal and 
abnormal beats, the normal beats which occur before and after 
the abnormal beats were eliminated from the group of normal 
beats. Accordingly the important segments were detected [1 1]. 

An extensive variety of techniques including statistical 
pattern recognition, Expert Systems, Artificial Neural 
Networks, Wavelet Transform, Fuzzy and Neuro-fuzzy 
Systems are used for auto diagnosis of ECG signals. More 
recently, artificial neural network and Bi-group Neural 
Network classifiers have been used for signal classification 
[13.14]. Moreover, Fuzzy and hybrid neuro-fuzzy approaches 
are proposed for computerized electrocardiogram diagnosis 
and classification of myocardial infarction [15, 16]. Rough 
set theory is now becoming one of the most useful tools for 
soft computing and decision-making. Pawlak used rough set 
theory in Bayes’ theorem and showed that it can apply for 
generating rule base to identify the presence or absence of 
disease. Discrete Wavelet Transform and rough set theory arc 
used for classification of arrhythmia [12]. In this paper, a 
rough decision system is developed for rule optimisation to 
categorise MI automatically according to its location of the 
left ventricular cone where infarction actually occurs. 


I. Proroseb METHOD 


A. Deletion of noises from ECG Signals 


It is important to remove the noise before further analysis of 
ECG signal. The recorded ECG signals may be corrupted with 
six different types of noise. The contact noise is encountered 
in most of the cases of the existing PTB DB diagnostic 
database. Cubic spline technique for equal time interval ts 
used to remove this contact noise. The spline interpolation 
formula which is used ın this purpose ts given below: 
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Barring the smoothing process, a 50hz notch filter for the 
rejection of high frequency band due to power line 
oscillation has also been used. 

Base line drift due to respiration was modeled as a sinusoid 
of frequency 0.15 to 0.4 Hz. Then a high pass filter of critical 
frequency 0.6 Hz is developed to block the low frequency 
noise signal. Both these FIR filters are designed by a matlab 


toolbox named FDATOOL(filter design and analysis toolbox). ` 


Among al! the data (normal or abnormal) ıt is found that noise 
level varies from 10% to 30% and both smoothing and 
filtering techniques give good response to most of the data. 


B. Development of Knowledgebase for clinically useful 
feature selection 


With the help of 25 reputed cardiologists of different 

hospitals and clinical centers a knowledgebase regarding ECG 
“interpretation is developed for selection of most clinically 
significant parameters, useful for disease classification.. From 
opinion of those cardiologists and consulting different medical 
books [5,17,18] 12 most important time plane features are 
chosen for consideration and extraction. They are listed 
below: 
l.Heart Rate, 2. PR interval, 3.P wave height, 4. P wave 
width, 5. QRS width, 6. QRS voltage, 7..QTc= (QT interval/ 
Sqrt RR interval), 8. Pathologic or abnormal Q wave, 9. R 
wave Progression, 10. ST segment, 11. Reciprocity in T wave, 
and 12. T wave. 

Beside these parameters, another important matter is the lead 
information where the abnormality has been found basically 
for MI classification. 


C. Extraction of clinically significant parameters from ECG 
Signal 

Accurate detection of the R-R interval between two 
consecutive ECG waves is very important for extraction of 
other parameters from ECG signals. For this purpose, the 2nd 
order derivative of the captured signal is computed by using 5- 
point Lagrangian interpolation formulas for 
differentiation[19]. The formula is given below : 


4 


r 
f 1 h 
0 = —— (f-2 -8f1 +8fl - 2) + — fv) 
12h 30 


E lies between the extreme values of abscissas involved in the 
formula. After squaring the values of 2nd order derivative , a 
square-derivative curve having only high positive peaks of 
small width at the QRS complex region can be obtained . A 
small window of considerable length (say W) is taken to 
detect the area of this curve and we obtained maximum area at 
those peak regions, The local maxima of these peak regions 
are considered as R-peak [Fig 1]. Depending on the shape of 


the signal a syntactic approach is developed for detection of 
P,Q,R and S waves. In order for accurate detection of P wave 
and ST segments base-line must be correctly identified. So 
isoelectric level detection algorithm is also implemented based 
upon the assumption that the isoelectric level of the signal lies 
on the area ~80ms left of the R-peak. In order to form the base 
array a minimum slope technique is employed for a window 
span of 30 ms around 80 ms left of the R peak. Then from the 
basepoint the R-R array is traversed towards left and the peak 
of P wave is determined implementing a heuristic procedure in 
conjunction with differentiated array and maximum area 
determination within predefined window. The ladder network 
type elimination criterion leads to demarcation of P wave. A 
zero crossing which is basically the isoelectric level crossing 
determines the starting of P segment [fig 2]. T wave detection 
and ST segment processing is also done based upon similar 
logical progression. To the right of the R peak a traversal 1s 
done to detect two zero crossings (ZCRI & ZCR2). Then 
following similar analytical approach as P wave detection the 
ST segment is determined [fig 2]. ST segment begins at 60ms 
after the R-peak in normal sinus rhythm which is assumed 
based on the syntactic approach given in [14]. After 
determining P,QRS [fig 2] and T waves we also computed P 
height, Qheight, QRS complex height, QRS width , S height, 
T height. 


D. Development of Roughset Deicision System 


A roughset decision system 1s developed from the extracted 
time domain features and lead information for classification of 
MI according to its location in myocardium. The most popular 
and widely used rough-set software tonl box is ROSETTA 
[20,21]. This software supports different options of generating 
decision tables, reducts, discretization techniques, decision 
algorithms and classifications. For this reason we used this 
software for our experiment. Learning samples are processed 
in the following way. First a knowledge base is acquired for 
the data set i.e, for normal and abnormal data regarding both 
quantitative and qualitative natures of those extracted time- 
plane features. Knowledge base consists of objects, which are 
represented using conditional attributes and decision 
parameters. All the time plane features described above are 
get their specific attributes according to knowledgebase and 
lead position and used as the input parameters of the Decision 
tables, a portion of which is given in table I and II. Here, two 
consecutive decision tables are framed basically for generation 
of two sets of rules. The first set is for separation of normal 
and abnormal sets of data and the second one is for the 
classification of diseased data set (specially MI). 

Consequently, the acquired data are quantized to convert 
real attribute values into discretized form allowing further rule 
processing. Based on the discrete values, attributes are 
analyzed in terms of discernibility investigation. Sets of 
attributes allowing partition of object classes are then 
revealed. These sets are called reducts. The ROSETTA system 
supports a variety of quantization as well as reduct and rule 
generation procedures however the details of these lie beyond 
the scope of this report. These processing parameters were 
chosen during a preliminary research aimed at optimizing the 
system efficiency and generation ability. 
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Table I. A portion of decision table!’ 
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Table II. A portion of decision table2 
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Sang Song Stig Sring Suing Sting String String 
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UNAN YOU Laon ita GREET LIS URN t Ge BUP ARVEN ODT LLICEL EN ® w 
Ii. RESULT The rule set from table II is given in figure 5. We select the 


In this experiment two consecutive rule sets are generated 
from two separate decision tables. Table I is generated by 
different time plane features after acquiring specific attribute 
values depending on the generated knowledgebase. Whercas, 
table H is generated mainly according to the lead positions 
where the specific abnormality is present. A rule with high 
accuracy and coverage factor is considered as a strong rule. 
The accuracy of a rule reflects how trustworthy its consequent 
is. A portion of the gencrated rule set from table! and the 
corresponding confusion matrix, which is generated using 
standard voting classifier are given below in the figures 3 and 
4. Both trained and untrained samples for all the dataset (e.g. 
Normal, and Myocardial Infarction) are fed to the Inference 
system and the result obtained is given in table I. The 
numbers given in brackets in table IN represent the number of 
properly classified samples versus all tested samples. The 
confusion matrix predicts cent percent accuracy for all the 
three sct of trained data. Table II supports this prediction. 
Still, the present system is tested by three types of ECG data 
samples and encouraging result is obtained. In future the 
system will be tested by more number of samples and few 
other types of diseases. 
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optimum rule set by the similar manner for classification of 
MI according to the location of the left ventricular cone where 
infarction actually occurs. MI can be classified as 
Anterior(AN), Inferior(IN), Antero-lateral(AL), Infero- 


lateral(IL), Antero-septal(AS), Infero-septal(IS) etc. 
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“Fig 1. Plot of nii ECG wave, corresponding smoothed 
differentiated and squared data and detected R-R data 
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Fig.2 Detected P, QRS and T segments from the R-R interval showed in fig. 1 


Table HI. Result obtained from rule based rough set decision system 
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Fig. 4 Confusion Matrix Output for Standard Voting Classifier 
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Fig. 5 A Portion of Generated rule set from table 2 


IV. CONCLUSION 


Automatic detection of location of MI in the myocardium 
form ECG parameters is a challenging task for researchers. 
Here, one of the most useful and popular decision making soft 
computing tool roughset is used for meeting that dispute. 
Six different types of noises may corrupt those extracted ECG 
signals. So different smoothing and filtering techniques are 
adopted for making those signals almost noise free. A 
knowledge base about the time plane features and ECG 
interpretation is developed from various medical books and 
from the feed back of different reputed cardiologists. The 
time-plane features of ECG signals are extracted from each of 
the 12 lead ECG signals with the help of differentiation and 
syntactic approaches. A rule-based rough set decision system 
is developed from these time-plane features to make an 
inference engine for two phase ECG classification. At present, 
the system is tested with three types of ECG data- Normal, 
Myocardial Ischemia and Myocardial Infarction. In the first 
phase it is isolated the ischemia and MI data from normal data 
set and in the next phase it can classify the MI data according 
to the location of the left ventricular cone where infarction 
actually occurs. In future the system will be tested with large 
number and different types of dataset. 
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Abstract— A combination of histogram based and syntactic 
techniques are used for detection of different patterns of ECG 
waves and extraction of few important time-plane features, 
which are mainly used for ECG interpretation and classification. 
At first, an efficient, very simple and new approach for detection 
of both base line and QRS complexes from the horizontal and 
vertical histogram of ECG images plotted on computer screen is 
described. The vertical and horizontal histograms are generated 
from the number of ordinates for a particular abscissa at the 
vertical and horizontal direction respectively. The base line is 
determined at the maxima of the horizontal histogram whereas 
QRS or R peaks are determined from the focal maximas of the 
maximum area zone of vertical histograms. A very high accuracy 
level is achieved for both the cases (99.5% for QRS and 92% 
for base line). This method is advantageous for online analysis 
because both QRS and base lines can be determined directly 
from ECG data on computer screen without computation of 
complex mathematical models even when ECGs are tilted due to 
respiration and in the presence of power line oscillation. After 
detection of R points and base points an efficient algorithm is 
developed using syntactic approaches for detection of P,Q, R, S 
and T waves and their different attributes which are useful for 
ECG interpretation. ' 


Key words— Base line, ECG, Histogram, QRS complex, 
Syntactic Approach, 


I. INTRODUCTION 


ATTERN RECOGNITION approaches are widely used 

for the detection and analysis of ECG waves. Mainly, non- 
linear transformations of the ECG, principal component 
analysis (linear and non-linear), different ways to map the 
transformed data into n-dimensional spaces, and neural 
» networks (NN) based techniques are used for ECG pattern 
recognition and classification [1]. Signal pattern comparison is 
also done for ECG signal analysis [2]. A significant point 
extraction algorithm, based on the analysis of curvature, that 
identifies data samples that represent clinically significant 


‘information in the ECG waveform is reported. This method 


help in both data reduction as well as pattern matching{3,4]. 
Syntactic approaches are also used for ECG waveform 
detection [5]. Both the syntax and semantics of ECG grammar 
are used for P and T wave detection [6]. In another research, a 
learning system is repprted to classify biomedical patterns 
grammatically [7]. In recent years, Wavelet transform is used 
to decompose ECG signal for detection of P wave by neural 
network [8]. In another case, it is used to obtain a 
multiresolution representation of some example patterns for 
ECG signal structure extraction. Neural Networks are trained 
with the wavelet-transformied templates providing an efficient 
detector even for temporally varying patterns within the 
complete time series [9]. Recently, multi-resolution wavelet 
transform, wavelet decomposition and continuous wavelet 
transform are also used for ECG feature extraction [15,16,17]. 
QRS detection is one of the most important tasks in time- 
plane ECG analysis. Accurate detection of QRS helps in 
detection of other time-plane features more accurately. 
Considerable research has been devoted to the development 
and evaluation of automated QRS detectors [10]. Hidden 
Markov Model [11], Wavelet transform [12] and Artificial 
Neural Network (ANN) [13] are also used for detection of 
QRS complexes from ECG signals. A slope vector waveform 
based ECG QRS detection algorithm which is ideal for a | 
widely range of machine diagnosis applications, particularly, 
embedded real-time ECG monitoring 1s also reported [18]. 
Baseline detection is another essential task ın ECG analysis 
for extraction of different time domain features. Most methods 
for base line or isoelectric line detection are based upon the 
assumption that the isoelectric level of the signal lies on the 
area ~80 ms left of the R-peak, where the first derivative 
becomes equal to zero for at least 10 ms or in the flattest 20 
ms segment [14]. 

In the present paper a new and comparatively simple (with 
no such mathematical and computational complexities) 
algorithm for ECG time domain features extraction is 
described for future development of an automated online very 
simple ECG 
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Fig | Vertical and Horizontal histogram of an ECG pattern of lead V2 of sample 4 where a, b, c are the maximum area zones 


analyzing system. The method is based on the combination of 
both vertical and horizontal histogram and syntactic 
approaches and is especially useful for embedded real time 
ECG monitoring systems due to its simplicity and minimum 
invoivement of mathematical and computational complexities. 
A high accuracy level is obtained in detection of baseline, 
QRS, P and T waves by this method even in the presence of 
noises like baseline drift due to respiration and power line 
oscillation (up to 15%). 


Il. METHODOLOGY 


In the present work we consider the ECG plot appearing on 
computer scieen that may be considered as a two-dimensional 
picture consisting of elements, organized in rows and 
columns, with values O (corresponds to points having no 
ordinate) and 1 (corresponds to points having ordinate). 

y 


A. Determination of Baseline from Horizontal Histogram 


For a particular row the number of | is being computed for 
plotting of the horizontal histogram of ECG data. Since the 
baseline regions contain few almost straight line portions, then 
searching the maxima of this horizontal histogram, the 
baseline region can be obtained. Figure 1 and 2 show the 
baseline region of the plotted ECG signals. 


B. Determination of QRS complex from vertical histogram 


Similarly, the vertical histogram of an ECG data 1s being 
plotted after considering the number of | for a particular 
column. Each vertical histogram contains only high positive 
„peaks of small width at the QRS complex region. A small 
window of considerable length (say W) is taken to detect the 
area of this curve and we obtained maximum area at the peak 
regions (fig. | and 2). So extracting the local maxima of the 
maximum area zone the R waves of each ECG signals can be 
detected. Two consecutive R waves and hence the total 
samples and a distance between them are also computed. So, 
the sampling period can easily be calculated for each signal. 
The accuracy of detection of QRS complex very much 
depends on W. Very high or very low values of W will 
decrease the accuracy Hence an optimum value of W ts 


required. An experiment ıs being done for choosing the 
appropriate value of W with the considerable number of test 
samples of signals to achieve the maximum accuracy in 
detection of QRS. 


C. Detection of P, Q, R, S and T waves by syntactic 
approaches 


Depending on the slope reversals and shape of the each wave, 
a syntactic approach [22,23] is developed for detection of P, 
Q, R ,S and T waves. The area of P, QRS and T waves are 
also computed. In syntactic pattern recognition, the task of 
recognition is essentially reduced to that of parsing a linguistic 
representation of the patterns to be recognized with a parser 
that utilizes a certain grammar, called “pattern grammar". We 
have formulated pattern grammar for each of the ECG 
complexes basically based on the slope reversals, aligned 
segments and the structural shape of each complex, using a 
priori knowledge of the ECG structure. This pattern grammar 
is given briefly in the detailed algorithm given below. Fig. 3 
shows different features 


which are extracted by the algorithm. After getting the S and 
T waves, the algorithm detects the ST segment by using 
standard assumptions which are in general agreement with the 
recommendation of the European ST-T database and with the 
observations in [19,20,21}. Once after getting to the beginning 
it computes the slope of the ST segments. 


D. Detailed Algorithm 


The step wise detailed algorithm is given below : 

Step 1 

Detect the base points and R points using horizontal and 
veitical histograms. 


Step 2 

Shift to the R point nearest to the base point region 

Step 3 Find Q and S wave by finding the slope reversal 
followed by aligned segments at the left and right hand sides 
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Fig 2 Vertical and Horizontal histogram of an ECG pattern of lead V2 of sample 4 where a, b, c, d are the maximum area zones 


of R wave respectively. 

Step 4 

Determine the peak of the P wave by implementing a heuristic 
procedure in conjunction with differentiated array and 
maximum area determination within predefined window by 
traversing at the Icft of the base point in to the R-R array. 


Step 5 

Go to the P location and search the nearest zero crossing or 
aligned segment at the left of that position and mark it as the 
beginning of the P wave. 

Step6 

Detect T wave by analytical approach as P wave by traversing 
at the right from S wave. 

Step 7 

Detect ST segment from the end of S to the beginning of T. 
Step 8 

Calculate the slope of ST segment. 

Step 9 

Determine the area of all the detected segments P, QRS, and 
F 


HI. RESULT 


A database of 12 lead ECG signals of 140 subjects (70 
normal and 70 abnormal) was generated [24] and used for this 
work. The abnormal subjects have mostly myocardial 
infarction and ischemia. So, the algorithm was tested by 36 
types of ECG waves. The system also tested for both noise 
free and noisy signals. The levels of both type of noises are 
increased from 0% to 15% and still we achieved 99.5% 
accuracy in an average in detection of QRS complexes and 
92% for detection of baseline. The result obtained in different 
noise levels are given in table | and 2. A testing has been 
made for checking the accuracy in the detection of QRS. After 
detection of QRS complexes the heart rate of every signal is 
computed and is checked with the values given on paper ECG 
records. 


After getting base points and R points the noises are 
removed by using appropriate filtering software and the P and 
.T wave detection has been done in a noise free environment. 
The detection accuracy for P wave and T wave are 92.2% and 


96.7% respectively. A potion of different extracted features 
are shown in table 3. 


Table 1. QRS Detection Accuracy in Different Levels of Two 
type Noises 


Noise QRS Hoise QRS 
Lewl Detection Level Detecton 
(Mowa le Acaray (Base line Accuracy 
Interference) stuft) 

5% 100% 5% 100% 

10% 99 3% 10% 100% 

15% 97.75% 16% 98 BK 
Average $9 26% Average 99 70% 


Table 2. Baseline Detection Accuracy in Different Levels of Two 
type Noises 


Bete me 
Detaction 


Baseline 
Dete ction 


Noise 
Level 


0% 94.50% 0% 94 50% 
5% 93.80% 5% 93 20% 
10% 91.20% 10% 90% 
15% 90.15% 15% 89 20% 
Average 92.41% Arn ge 91 73% 


IV. CONCLUSION 


A method based on the combination of both vertical and 
horizontal histogram and syntactic approaches is described in 
this paper for detection of different patterns of ECG waves 
and extraction of few important time-plane features, which are 
mainly used for ECG interpretation and classification. 


The algorithm is new and comparatively simple (with no such 
mathematical and computational complexities) and is 
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Fig 3 Different time domuin features which are extracted 


Table 3. Different features, which our algorithm extracts 


Heart PR P Wave P wave QRS QT RR QT QRS 
Rate Interval Hagh. width with  Intewal Eiterval voltage 
sa 016 162 0.08 004 04 068 0.09 1l 
100 016 -02 0.04 008 0.36 064 0.09 3 
19 017 12 0.08 on4 0.36 072 008 7 
56 024 l 0.08 on4 036 108 0.07 3 
63 0.16 0.2 0.04 004 0.36 076 0.08 8 
83 024 -01 002 008 04 072 009 7 
57 024 l 0.08 004 036 10 0.07 7 
94 02 l 0.04 008 0.32 054 0.08 5 
58 0.16 1 008 on4 0.44 10 0.08 4 
68 016 L 0.08 on4 032 092 0.06 26 


especially useful for embedded real time ECG monitoring 
systems. At first, a very simple vertical and horizontal 
histogram based approach is used for detection of R points 
and base level of ECG signal and then syntactic approaches 
are used for detection of P,Q,R,S and T waves of ECG 
signals. Problem arises to make a diagnostic decision from 
time plane ECG waves when they are corrupted by different 
noises. Different types of filters have been used to reduce 
those noises but that may result the loss of clinically 
significant data. The performance of the developed QRS and 
baseline detector ıs satisfactory especially in noisy 
environment and still we obtained a 99.5% and 92% accuracy 
in an average in detection of these. Whereas the detection 
accuracy for other two waves P and T are 92.2% and 96.7% 
respectively. 
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Abstract— ïn this work, we report the structural, electronic and 
magne¢tic properties obtained in the study of the cubic binary 
alloys Mn,C;.,, Mn Si; at the concentrations x=0 and x=0.125 
(we used a cell of 8 atoms. Thus, one can study the alloys Mn,C,., 
and Mn,Si,., in a simple cubic structure according to the number 
of atoms n=0 and n=1). using the full-potential lincarized 
augmented plane wave methed (FP-LAPW) within the density 
functional theory framework. The structural properties 
calculated for Cg and Sig were calculated at first hand to 
implement calculations for the alloys. Two different states: 
magnetic (ferromagnetic (fm)) and nonmagnetic (nm) for MnC, 
and MnSi,, were studied. Our results show that the ferromagnetic 
state is energetically more stable than the nonmagnetic state with 
magnetic total moment of 2.3255, for the MnSi,, whereas for 
MnC; the two states ferromagnetic and nonmagnetic are identical 
with magnetic total moment reduced to zero. 

With a view of calculating the electronic and magnetic properties; 
we compared the electronic bands of the alloys MnC, and MnSi, 
with those of C, and Sig, respectively. For Cg and Sis the 
maximum of valence band is located at T point and the minimum 
of the conduction band is situated at X point, with, thus an 
indirect gap of 4.14cV and 0.45eV for Cg and Sis respectively. But 
for the alloys MnC, and MnSi,, we notice the appearance of a 
band splitting below the level Fermi contrary to Cg and Sig 
respectively. Moreover, when comparing systems, we notice the 
disappearance of the gap in MnC, comparatively to the Cs 
compound. 

The calculations of the different densities of states, for the alloys 
under consideration, namely the MnC;, and the MnSi, show that 
the densitics of states of spin-up and spin-down are symmetrical 
and metallic like, for the former while the densities of states of 
spin-up and spin-down are asymmetrical and metallic like for the 
latter, however we notice a difference of the densities of states at 
the Fermi level of 0.256states/eV for the latter, this suggests that 
the alloy the MnSi, is semi-magnetic. 


Key words—DFT/LDA, FP-LAPW, Magnetic materials, 
semiconductors of group IV. 


I. INTRODUCTION 


HE development of the semiconductors doped by 

transition metals aroused much interests these last years. 
This is due to the enormous potential which has the magnetic 
semiconductors. These materials are often used in the 
spintronic devices [1-4]. particularly, much of works were 
concentrated on the Mn doped I-V semiconductors, where 
the ferromagnetism was experimentally observed [2] and 
confirmed later theoretically by the structural electronic 
analyses. [5-8] However, the origin of the ferromagnetism in 
the II-V semiconductors still always a question not elucidated 
and several mechanisms (such as the interaction of Ruderman- 
Kittel-Kasuya-Yoshida (RKKY)  [4,9,10,11,12] were 
proposed. The semiconductors of group IV (C, Si...) became a 
significant material class which is used in the devices which 
function with the state of spin, i.e. which exploits the spin of 
the electron. Moreover for this reason they are known as 


‘spintronic devices. However, this material class was not 


intensively studied like those of the III-V and I-VI families. 

The spintronic components constitute already a fundamental 
discovery for the information storage, development of faster 
microprocessors, and increase in the capacities of memories... 
etc [13-16]. In the spintronic applications; the materials 
containing impurities atoms must have a broad magnetic 
moment (21 ., where .is the Bohr magneton) and high 
Curie temperatures (above the ambient temperature). Among 
materials already used in the spintronic applications, those 
Magnetic doped semiconductors remain the favourite 
candidates offering a broad promising applicability [17-20,2]. 
Well on, there is other material classes which are also used the 
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spintronic applications, such as for example semi-metals [21]. 
This concept of semi-metallicity was highlighted for the first 
time by Groot et al [22] Which used the term «semi-metal» to 
describe the nature of the NiMnSb alloys and PtMnSb (of 
Heusler type), this term was then generalized by Pask et al 
[23] for MnC, The electronic structure of this material also 
reflects the “semi-metal” character in the structure zinc-blende. 
In this work we were interested in the study of the Mm 125Co.875 
and Mno.12sSig.x75 alloys in a cubic cell, comparing the different 
properties with those of C and Si. To have a good description 
of the electronic properties and especially the band structures, 
we using the full-potential linearized augmented plane wave 
method (FP-LAPW) based on density functional theory (DFT). 
This method already showed its effectiveness and its 
exactitude in the determination of the electronic and magnetic 
properties. Finally we conclude our analysis with a global 
conclusion. 


II. RESULTS AND DISCUSSION 


A. Détails of calculations 


All the presented calculations were performed using the FP- 
LAPW method implemented in the wien2k code [24]. we used 
the local density approximation (LDA) parameterized by 
Perdew and wang in our determination of the exchange- 
correlation potential[25]. Two cases: polarized spin and 
nonpolarized spin are considered. 

For the alloys (Mn,.C,, and Mn,Si;.,), we used a cell of 8 
atoms. Thus, one can study the alloys Mn,Cy., and Mn,Sig., in 
a simple cubic structure according to the concentrations x=0 
and x=0.125 (n=0 and n=1, where n is the number of atoms). 

For Cx and Sig, we chose muffin-tin radius of 1.4 u.a and 2.1 
u.a respectively, While for the Mngj2sCax7s alloy (nC), we 
used Rmr=1.4 u.a for Mn and C, and for the Mng;25Sip.g75 alloy 
(MnSi7), we chose muffin-tin radius of 2.1 a.u for Mn and Si. 
Plane waves are expanded with a vector up to Ky.,=8/Rarr for 
Si and Mm.125Sio x75, and Kmn=9/Rmr for C and Mno.125C0 475, 
and an angular momentum expansion up to Lma=10. For the 
potential and charge density, integration over the irreducible 
Brillouin zone wedge was performed using 8k points 
according to the Monkhorst-Pack scheme[26]. 


B. Structural properties 
TABLAU I 

Structural properties of Cg and Six’ Equilibrium lattice constant ap(u.a), 
total energy Emm(Ry), Bulk modulus B (Mbar), and the Bulk modulus 
derivative B'. 





Es (Ry) B (Mhan B w% (ua 

C Notre cake ~604 699 4667 3533 6 694 
Expt 6740" 
Autre cae Ent 

6 mE 


Si Notre cal -1614543 D977 4137 10249 
Expt 10 259 
Autre cuk 10.266" 

lu 261" 








3 experimental value reference. 7” 


P Reference. 


TABLAU II 

Equilibrium lattice constant ap (u a), cnergy total Ewn (Ry), Bulk modulus 
B (Mbar), the Bulk modulus derivative B’, total magnetic moment M (j1g) and 
local magnetic moment Mma (Ha) for Mnoi2sCoxs and Mno 125510875 


calculated by the LDA 
Ene B B' wl M Mua 
(Ry) (Mhar) CNN 
MreisCur (nm) -2853 286 371 246 672 - - 
(Fm) -2853 286 365 310 4672 ow om 
MinoinStams (nm) #335 27 0.96 393 1015 - 
(Fm 6335 243 Om 406 1021 2325 244) 





According to Table. I, we can note the undervaluation of the 
equilibrium lattice constant in contrast to its experimental 
value, and along Table. II, in the case of Mno 125C o475, We can 
note that the total energy and the equilibrium lattice constant 
are the same ones for the two states ferromagnetic (Fm) and 
nonmagnetic (Nm). This indicates that the Mmo j2sCogzs is 
nonmagnetic with a full null magnetic energy (AEmn Efm - 
Enum =0 eV/atome). 

For the Mno.12sSinx7s, Magnetic energy is not null (- 
0.0615eV/atom), this shows that the ferromagnetic state is the 
most stable state. One notices in this case that the Bulk 
modulus is small while the equilibrium lattice constant is large. 
This signifies that magnetism influence the structural 
properties considerably. The ferromagnetic state of the 
Mm 2sSiog7s characterized by the total magnetic moment of 
2.325p1p, is mainly due to the local magnetic moment of Mn. 





FIG. 1. Total énergies versus total volume for C and Si 
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FIG. 2. Total energies versus total volume for alloys Mna j2sCo x75 and 
Mo 125Sin x7s for the ferromagnetic (Fm) and nonmagnetic (Nm) 
States 


C. Electronic and magnetic properties 

C.J Electronic and magnetic band structure 

In comparing the electronic band structures of the 
Mm 125Co x75 and Mino ja5Sin.x7s alloys, with those of C and Si 
respectively, we can notice that for this later ones, the 
maximum of the valence band is at the T point while the 
minimum of the conduction band is situated at X point, which 
represents an indirect gap of 4.14eV and 0.45eV for C and Si 
respectively. 

From Figs. 4 and 5, we notice the appearance of a band 
splitting below the Fermi level in Mnoj25Cog75 and 
Mm 125Sip 75 contrary to C and Si compounds. Moreover, we 
can also remark the disappearance of the gap in Mng 125Co.x75 
relatively. to C. 

The band structures of spin up and spin down are similar 
(Fig. 4), the lowest bands derive from the 2s states of the 
anion, With the lower part of the Fermi level, a doubly 
degenerated band is localized at the (0 0 0) point, the main 
contributions are made up of the 2p states of the anion with a 
contribution of the 3d states of the cation. At the M point, just 
with the lower part of the Fermi level, the gap is null; On the 
other hand, in the vicinity of Ep, it is the hybridization of d 
states of the cation and p states of the anion which is dominant. 
We can also remark an overlapping in bands appearing with 
the top of the Fermi level, it derives from the 2p and 3d states 
of the anion and cation respectively. 

From Fig. 5, we can remark that the band structures in both 
cases (up and.down) are similar in the lowest area of the Fermi 
level, these bands are characterized by the 2s states of anion 
(Si). However, there is a distinction neighbouring the EF, in 
the spin down stats, appears a direct small gap at the point T 
(0 0 0) of 0.5eV below the Fermi level. While in the spin up 
case, a band overlapping appears, these bands result from d 
and p states of Mn and Si hybridizations. i 
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FIG. 3. Band structures of the cel! of 8 atoms of C and Si. 
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FIG. 5. Majority-spin and minority-spin band structures for 
Mna. 125S10 875. 


C.2 Density of states 


The total densities state of C and Si expose two principal 
States separated by a gap: the first area, just with the lower part 
of the Fermi level, the main contributions are essentially due to 
the p states, while the second area is dominated by both s and 
p states. On the other hand in the ‘alloys Mnoj2sCo.a75 and 
Mno 125Sio,s75, the changes in the density of state are more 
distinct comparatively to C and Si. š 

From Figs. 7 and 8, we can notice firstly that the densities of 
states of spin-up and spin-down are symmetrical for the 
Mnoi2sCos7s and asymmetrical for the Mm ı25Sio x75 
compounds. The position of the Fermi level is also distinct in 
the two alloys. 

Fig. 8 indicate the asymmetrical spin-up and down density 
of.states, this implies a magnetic character which can be shown 
by the values of the density of states on the Fermi level. From 
these values, we can deduce the difference in spin-up and spin- 
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down densities of states which is of 0.256states/eV. In the case 
of spin down, the density of state is characterized by two 
regions scparated by a low density states illustrating the small 
direct gap about 0.SeV. The first region is dominated by the 2p 
states of the anion, and a significant peak appearing below the 
Fermi level essentially due to 3d states of the Mn and a certain 
contribution to 2p states of Si. The second region is 
characterized by a centered peak in the neighbourhoods of 
0.5eV. This area is dominated by the 3d states of the Mn, 
while the region of spin-up density of state in partitioned in 
tow different densities of states separated by a minimum. The 
first region with the lower part of the Fermi level is dominated 
by the 3d states of Mn, whereas the second region is 
essentially a contribution coming from Si(2p) and Mn(3d). In 
the vicinity of the Fermi level, a strong hybridization is due to 
d states of Mn and p states of Si. From the partial density of 
states of spin, we deduces that the magnetic moment of Mn is 
sigmficant for the Mm ;25Sio 875, the fact is that the p states of 
Si are slightly hybridized with the d states of Mn, this induces 
that the Mno ;25Sig x75 alloy is semi-magnetic. 

According to Fig. 7, we notice that the density of states of 
spin-up and down are symmetrical, therefore Mnos2sCo.a75 is 
nonmagnetic. This density of states is characterized by two 
areas separated by a minimum of the density of states. 

From the partial densities, one can define the character for 

each area. The first is dominated by the 2p states of the anion, 
the second area is dominated by the 2p states of the anion with 
a contribution of the d character of the cation. Finally, around 
the Fermi level, the contribution is due to the d states of Mn 
` and p of C. 
One can recall that hybridization between Mn and the group 
IV atoms, results from the states which are near the Fermi 
level. In particular, in the area of the gap for jhe elements of 
the group IV, if it is insulating or semiconductor (in our case C 
and Si). 


a 
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and Si. 








FIG. 7. Total and partial spin-up and spin-down densities of states of 
Mmo 125Co x75- 





FIG. 8. Total and partial spin-up and spin-down densities of states of 


Mno 125Sig 875 


HI. CONCLUSION 


In summary, we have studied the structural, electronic and 
magnetic properties of binary alloys Mn.C;.,, Mn,Si:.,, using 
the full-potential linearized augmented plane wave (FP- 
LAPW); for that we studied a mesh of 8 atoms For the Mn,C., 
and Mn, Si; alloys @in,C,,, and Mn,Siy,) in the simple cubic 
structure according to the concentrations x=0 and x=0.125. 
The structural properties calculated for C and Si concords with 
theoretical calculations but are underestimated compared to 
the experimental results. For Mno 125Co,975 and Mro 125Si0.875, 
we studied two different states: magnetic (ferromagnetic (Fm)) 
and nonmagnetic (Nm). Our results show that the 
ferromagnetic state is vigorously more stable than the 
nonmagnetic state for the Mno :25Siox7s, but for Mno 12sCo x75, 
the two states ferromagnetic and nonmagnetic are identical. 
We notice that Mno125Co g75 alloy is nonmagnetic (Nm) with a 
total magnetic moment reduced to zero, and the Mm 125Sio 875 
alloy are ferromagnetic (Fm) with magnetic total moment of 
2.3255 Hn, 

For the calculation of the electronic and magnetic properties 
for Mno.125Cox75, our calculations shows that the densities of 
states of spin-up and spin-down are symmetrical with metallic 
character, which means that the connection carbon-carbon is 
more rigid (cannot be easily dissociated, the Mn can not 
broken this connection), while for the Mp 12sSiog7s, the 
densities of states of spin-up and spin-down are asymmetrical 
with metallic-like character, but with a difference of the 


232 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


densities of states on the Fermi level of 0.256states/ev, which 
suggests that this alloy ts semi-magnetic. 
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Abstract—The aim of this contribution is to show how through 
mathematical tools very interesting numerous symmetry figures 
could be produced. This paper will first discuss the symmetry of 
plane figures in terms, of groups of rigid motions. Then 
flustration will be devoted to geometric representation ef 
various types of matrix transformations. Represestative 
patterns with various types of symmetry will be Mestrated 
through figures and ‘graphs. Numerical tables wifl also be used 
for explanation. 


Key words- reflection, rotation, stretches, transformation. 


l I. INTRODUCTION 

YMMETRY is a common phenomenon in all sciences. It 

provides one of two main appealing applications of group 
theory. In common usage symmetry generally ‘conveys ‘two 


aesthetically-pleasing 

balance; such that it reflects beauty or perfection. The second 
meaning is a precise and well-defined concept ‘of baldtice or 
patterned self-similarity that can be demonstrated or proved 
according to the rules of a formal system; by ‘geometry, 
through physics or otherwise Although ‘the ‘meanings sre 
- distinguishable, in some contexts, both -meanings of 
‘symmetry’ are related and discussed in parallel, The 
discussion in this paper will deal with geometric 
transformations such as scaling, reflection, and rotation. The 
-author will use geometric reasoning without bothering to 
carry the arguments back to axioms of geometry. 


1. MATHEMATICAL MODEL 
for SYMMETRY 


sin ok: T EEE E E Gam 
objects in a set X, can be modeled as a group action 
g :GxX-»X, where the image of g in G and x in X is 


written as g.x. If, for some g,(g.x= y) then x and y are said 
to be symmetrical to each other. For cach object x, operations 


l g for which (g.x=x) form ‘a ‘group, the symmetry group of 


the object, is a subgroup of G. If the symmetry group of x is 
otherwise 


‘the trivial group then x is said to'be asymmetric, 


symmetric. A general example is that G is a group of 
bijections g :V — V acting on the set of functions x: V— W 


by (gx)(V)=x(g 7! (V) (or a restricted set of such 
functions that is closed under the group action ). Thus a 
group of bijections of space induces a group action on objects 
in it. The symmetry group of x consists of all g for which 
x(V)=x(g(V)) forall v. G isthe symmetry group of the 


` space itself, and of any object that is uniform 


throughout 
space. In a modified version for vector fields, we have (.g x ) 
‘(V)=h(g,x((g-'(V))) where ‘h ‘rotates any vectors and 
pscudo vectors in x, and inverts any vectors but ‘not pseudo 


NVL (ex (g(V) fo ‘all v. In'this case the symmetry 
group of a constant function may be a proper subgroup of G : 
a constant vector has: only ‘rdtational symmetry with respect 
to rotation about an axis if that axis-is in the direction of the 
vector, and only inversion symmetry if it is zero, 


Ill. GEOMETRIC RELATIONSHIPS 
INVOLVING MATRIX i 
TRANSFORMATIONS a: 


Many matrix ‘operations can be ‘usefully represented 
geometrically if two or three dimensions are involved. At this 
point it seems useful to extent this line of ' geometric 
reasoning to other aspects of matrix transformations. In order 
to motivate the discussion, let us consider the small 9x 2 
matrix of ‘synthetic data shown In Table 1.This | matrix 
tesa o1 nine ae ci bade ai as 

in Fig. 1. 
Table 1 Original matrix X of nine points in two dimensions. 
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Fig. I Illustrates a square lattice arrangement of nine points 
of the matrix of table I. 

We shall now describe a variety of operations on this 
synthetic data matrix; and show their effects geometrically. 
Thus the basic format to be followed consists of the 
transformation 


+ 
X =XA (1) 
Where A assumes various special forms that exhibit simple 
geometric patterns, and cach row vector in X is being 
postmultiplied by A to obtain each row vector in X*. 


A. Translation 

Matrix translation has to do with the problem of relating a 
set of points to a particular origin in the space. Suppose, for 
example, that we wished to refer the nine points of Fig. 1 to a 
centroid — centered origin as shown in table 1, the mean of 
the points on the first dimension is 2; their mean on the 
second dimension is 1. By expressing each original value as a 
deviation from its mean, we arrive at matrix Xj as shown in 
Table I. Note that this simply involves a subtraction of x 
whose entries represent the mean of the points on each 
dimension, from the original matrix X. 
Table I! Translation of matrix X to origin at centroid. 


x 

t 2 1 -1 -i 
11 21 -1 8 
1 2 2 8 -i 1 
2-0] |2 14:],0 -1 
2 al-l2 1[°|-8 8 
2 2 2 1 © i 
3 6j |2 1 l ot 
31| )2 1 0 
3al [Sa | 





Fig. II Shows the effect of the translation geometrically. 

A translation, then, involves a parallel displacement of every 
point to some new origin of interest. In this case the centroid 
of the points is the origin of interest. 


B. Reflection 

Reflection of a set of points entails multiplication of the 
coordinates of each point to be reflected by — 1. 

For example, suppose we wished to reflect the nine points of 
Fig. II "across" axis 2. This can be accomplished by 
multiplying cach of the coordinates on axis 1 by a — 1, as 
shown in Table 111. 

Table II Reflection of matrix X4 across axis2. 


-t 
6 
1 
-l 
0 
1 
-} 
0 





Fig. MI Illustrates graphically the reflection of the nine points 
of Fig. 11 across axis 2. d 
Similarly, if desired, one could reflect the nine points across 
axis 1, it should be reiterated, however, that reflection 
typically involves an‘odd number of dimensions. If we were 
to reflect the points across both axis 1 and axis 2, the overall 
effect —called a reflection through the origin — is equivalent to 
a rotation of the points about an angle of 180° from their 
original orientation. 
C. Axis Permutation 

Permutation of a set of points, involves a matrix 


transformation that carries each coordinate value on axis | 
into a corresponding coordinate on axis 2, and vice versa. 


235 


Proceeding of International Conference MS'07, India, December 3-5, 2007 


This is illustrated in Table IV, and the effect is shown According to the present case, each of the original axis is 


graphically in Fig. 1V. 
Table IV Axis permutation of matrix X4. 





— æ -0O00 
o 
a3 

o~ 
« 
J 
~—oO 
oo 
T. 


The permutation matrix that post — multiplies X4 produces an 
interchange of columns. However, if the permutation matrix: 
pre-multiplies a matrix of pre-images, then the rows of the 
pre-images are interchanged. : 





Fig. IV Illustrates the effect of axis permutation. 
D. Céntral Dilation. 

Central dilation of a set of points entails scalar 
multiplication of the matrix of coordinates, which is 
equivalent to multiplication by a scalar matrix; that is, a 
diagonal matrix in which each diagonal entry involves the 
same positive constant A, central dilation leads to a uniform 
expansion, if à >1, or a uniform contraction, if 4 < 1, of 
each dimension. If 4 = 1, then the scalar matrix becomes an 
identity matrix, and the point position remains as originally 


expressed. 
Table V Shows application of a central dilation where A = 2. 


Xa 
={ ~) i -2 


0 
6 
0 
2 
2 
2 








Fig. V Shows the result of central dilation where À = 2, 
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dilated to twice its original length. 
E. Stretch 

A stretch transformation of a set of points involves 
applications of a diagonal matrix where, in general, the 
diagonal entries are such that à; # AÀ. In contrast to central 
dilation, a stretch involves rescaling of points corresponding 
again to directions along the original axis. 
For example, à = 2 and Ay = 1, the effect of this 
transformation is to stretch axis 1 to twice its original length, 
thus producing a Jattice-like rectangle out of the original 
lattice-like square. 
Table VI Illustrates a stretch of matrix X4. 





Here we shall restrict the term " stretch * to the case in which 
all à; > 0. If some à; were zero, those dimensions would 
be annihilated. A Au < 0 would correspond toa ee 
followed by reflection 





Fig. VI Shows the graphical results of the stretch 
transformation. : 


F. Rotation 

Axis rotation involves application of rather special kind of 
matrix — an orthogonal matrix. An orthogonal matrix is 
distinguished by the properties: (a) the sum of squares of 
each column (row) equals 1, and (b) the scalar product of 
cach pair of columns (rows ) equals zero. In two dimensions 
an orthogonal matrix entails a rigid rotation of the original 
configuration of points about some angles Y, In the preceding 
example we rotate the points counter clockwise about an 
angle, Y = 45° 


Table VII Shows the application of the 45° counter clockwise 
rotation of matrix Xa 
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Fig. VO Summarizes the results graphically, of the 45° 
counterclockwise rotation of Xz . 


Note that the zero point ( intersection of the axes ) can be 
viewed as a hub of a wheel and remains fixed during the 
rotation. 


G. Shear 


A shear transformation is characterized by the following 
form 


so that post multiplications of some matrix by a shear has the 
effect of adding columns. If we apply the shear to the matrix 
Xa „ we obtain the coordinates shown in table VII. 


Table VII Shows a shear transformation of matrix X4. 


-2 

-] 
(] 

-1 
6 
1 
0 
1 
2 





Fig. VIH Tlustrates a shear transformation of matrix X4 . 


IV. COMPOSITE 
TRANSFORMATIONS 


The transformations described - previously, each has been 
applied singly. It is instructive to see what happens when 
some of these transformations are applied on a composite 
bases. For illustrative purpose note the following case: 
Rotation followed by Reflection . 

If we multiply the following matrices, 


0.707 =: 0.707 | | -1 0 
— 0.707 0.707} {0 1 
we obtain, 

— 0.707 0.707 

0.707 0.707 
The resultant matrix has a determinant of - 1, this type of 
matrix is called an improper rotation. Although it meets the 
conditions of an orthogona! matrix, its application actually 


involves a proper rotation, in which the eee is 1, 
followed by reflection of axis 1. 


Table IX Shows the result of this composite transformation . 


i =] 0 -u 
-1 0 0.787 -0.707 
-1 1 -| IAM 0 
6,, rt |Emproperretstion i -0.707 -0.167 
o ojr-sm 077]. 0 0 
O 1j 0.707 0.707 0.707 0.701 
I ~l -14144 0 
1 0 -0.187 0.707 
1i i 6 1414 





Fig. EX Shows the geometric of an improper rotation of matrix X4 . 
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Abstract— This paper presents a theoretical analysis for the 
tensile propertics of plain weft-knitted fabric. Recently, many 
researchers have contributed to develop theoretical analysis 
methods, on elastic behavior for plain weft-knitted fabric. We 
propose the mathematical model based on the energy theorem 
with applied the Castigliano’s theorem for predicting the initial 
modulus properties of plain weft-knitted fabric. We proposed the 
theoretical model to simulate the tensile properties of plain 
knitted fabric in different state of fabric and yarn specification 
(such as: yarn coefficient of friction, yarn bending rigidity, yarn 
modulus and structural parameter of fabric) 


Key words—Castigliano’s theory, initial modulus, mechanical 
properties, weft knitted fabric. 


1I. INTRODUCTION 


HE The way in which textile materials deform under the 
application of biaxial stresses play an important role both 
in their processing and in theirs end use. For this reason, 
various authors have investigated the tensile properties of 
plain weft knits [1], [2], [3], [4], [7], [8], [9], [10], [11], [12], 
[13], and most of these investigations were based on the 
‘micromechanics of knitted structure. The unit cell often a 
single loop, was used for these analysis, and the tensile 
properties of knitted fabrics were directly derived from the 
loop configuration and yarn properties. The model proposed 
by Leaf and Kandil [6] reported analysis of the initial load- 
extension behavior of plain-woven fabrics. In this paper, we 
propose a theoretical analysis based on the energy theorem by 
using Castigliano’s theorem and the simple model for plain 
knitted fabric to predicate tensile properties of plain knitted 
fabric in relation with its geometry. 


H. ANALYSIS 


BASIC ASSUMPTION 


First, we assume the plain knitted fabrics are made of 
naturally straight filament yarns, which can be considered as 
homogeneous elastic rods. This assumption is not very 
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realistic, but should be accepted for reason. The analysis 
focuses on the deformation of knitted fabrics at low loading 
conditions (compared to the load required to break the yarn). 


In this condition the chief mechanism of deformation is the 
change of loop shape within the fabric. The resistance to 
extension of the fabric depends mainly on the bending and 
extension properties of the yarn. In this case, yarn 
compression effect is relatively small and can be 1gnored. 

Second, we assume that the knitted fabric is formed with 
planar loop structure. All loops within the same fabric keep an 
identical configuration. No plastic deformation of the yarn 
takes place when the fabric is knitted from a yarn and later 
subjected to extension. The load-extension properties of a 
knitted fabric are directly derived from its loop configuration 
change. 

Finally, with the same assumptions as Leaf's model [6] 
were taken for the yarn properties as following: 

a) They extend according to the law7 = Æ£,€,, where 


T the tension in the yarn is, E, is the initial modulus 
of yarn and g, is the extension produced. The strain 


energy of, extension per unit length of yarn is 
thenT?/2/. 

b) Because of the force generated between the yarns 
when the fabric deform, the yarns will be 
compressed. In a real fabric, the compressive force 
will be distributed over the region of yarn contact, 
but in the model they are represented as point force. 
If the inter-yarn force is V and G is a shear modulus 
of yarn, well shall assume that V = Gg, where ¢,D 
is the change in yarn diameter that takes place when 
the force vis applies. The strain-energy of 
compression is thenV?D/2G. 

c) The yarns bend with flexural rigidity B .The strain- 
energy per unit of yarn is then M?/2B, where M 1s 
the applied bending moment. 


THEORETIC ANALYSIS 
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Duo to the symmetry of the loop configuration, only a unit 
cell of the loop is analyzed. 


A simple model for plain knitted fabric 


We assumed that the fabric deformation is homogeneous all. 


over the fabric, When normal stress is applied to a knitted 
fabric ın the course or wale directions, when this happens, 
then the curved element of yarn will straighten except at the 
crossing points. The simplified model of knitted fabric is 
shown ın (Fig. 1). 





Figure 1 Schematic of simple mode! of knitted structure under biaxial 
stress. 


As shown in (Fig.2) the unit cell of structure is divided in two 
segments (ABC, DEF) let: D =diameter of yarn, L=stitch 
length (length of yarn in one complete weave), C =course 
spacing, W =wale spacing, r=yarn radius, @=yarn 
inclination (cos@ =2r/C). 





Figure 2 Schematic straight line model of unit cell of structure. 


(A) The total strain energy in unit cell of structure (in 
YOX plane) 


By considering the symmetrical properties of the loop and 
the force-equilibrium state (Fig.2) it can be seen that the Ty 


force is imposed at A and D points, while drive the force 7, is 
imposed at C and F points. There will be a point of inflexion 


at A, so that the bending moment there is zero, with small 
deformation assumed, the moments at a point on GC at the 


distance s, and $, from A are approximately: 








M, = (Ty cos)s, (1) 

M, = {Ty sinO)s, (2) 
And the bending strain-energy in the AB is foreros: 

Usan = j Mi gsn C+D 72 cos? 0 (3) 

Bins) ; ‘ 

Unu =- J Ma asz Eran) (4) 
The total bending strain-energy in the AB is therefore: 

Uram =U pany +U su (5) 


The bending strain energy in DE is given by a similar 
expression, and hence the total bending strain energy in the 


unit cell (U riroxptmne)) shown in (Fig.2) is: 


(6) 


Us voxpiatey = Uram + Urine) 
(B) The total strain-energy in the ABC segments 


The tension in the yam ABC at two components AB and BC 
are respectively: 


T=Ty (7) 


T=T, (8) 


And the bending extension-energy in the AB and BC 1s 
therefore: 


LT? LaTe 
2E, 2E, 
Finally the total strain-energy in the ABC segments is given 


(9) 





ET(ABC) T 


. aS: 


(10) 


Urasc) =U eraso 


(C) The total strain-energy in the DEF segments 


We can use the same calculation for DEF segments 
therefore: 


(11) 








+ 
2E, 


Thus the total strain-energy in the DEF segments is 
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U singer) = U rrer, (12) 
Finally the total strain energy for the umt cell (U ) is 
obtained as follows: 

Ur = Un yaxptaney t Urano + Ur ner) (13) 


Calculation of Fabric Extension 


The fabric extension in the wale direction is Ey =6C/C, s0 
that 


EC =8C =U, /aT, (14) 


Ty =T-e"** (+ extension in wale wise direction, - extension 
in courses wise direction) whichg = Angle at interlocking 


region (radian) and u = Yarn friction coefficient. 
If applied Castigliano’s theory. Hence 


(L, +L yer") +2L, i 





E, (15) 
EwC=Ty i i 
ae 2 Vol ota 3 
va O(C+D) ) (sin Ogg tO ) 
and 
_ Fy sind (16) 
Ew W/2 


E, is the initial Youngs modulus of the fabric in wale 
direction . 


We can use the same calculation for the initial Youngs 
modulus of the fabric in course wise direction ( £, ).where 


(LELLE | 
E, (17) 





eW=T| 
ents 2 D 3 
-| sin? oa 
i (tos 0(C+D/) [sm O(—— (1+ c0s0)) } 
and 
T 
E,€o = ra (18) 


MI. RESULT AND DISCUSSION 


In order to simulate the initial fabric modulus from 
Equations (16) and (18) it is necessary to know the yarn and 


fabric characteristics (i.c., bending rigidity, diameter and 
coefficient of fricuon for yarn ,and course spacing, wale 
spacing and stitch length of fabric). We assumed seven range 
of course spacing and wale spacing for fabric and using 
Equation (24) to measure the stitch length. The assumed 
parameters of yarn are: coefficient of friction=0.15, 
modulus=0.4N/cm, diameter =0.2 mm, bending rigidity =0.4 
N.mm?. The simulated intial modulus values of fabrics are 
summarized in Table. 1. 


Table 1} Simulation of fabric modulus with varying of stitch length 
Predicating 


Course Wale stitch Predicted Predicted 
PaO MRY di io oeo 
(L.)(um 
0.961 0.806 2.856 0.6571 0.1604 
1,020 0.819 2.979 0.6563 0.1465 
1,084 0.833 3.113 0.6044 0.1235 
1.149 0.847 3.251 0.6517 0.1222 
1.222 0.862 3.405 0.6486 0.1111 
1.295 0.874 3.557 0.6477 0.1013 
1.373 0.888 3,722 0.6448 0.0925 


In next step we simulate the fabric modulus with varying the 
coefficient of friction in four states; the simulated data are 
shown in Table.2. 


Table 2 Simulation of fabric modulus with varying of yarn-to-yarn 
coefficient of friction 


Coeffictent of Coefficleat of Coefficient Cocfficlent of 
frictlon=0.1 friction=0.2 of friction=0,3 friction=0.4 

EI E2 El E2 El E2 EI E2 
(Nim) Nim) Niem) (Nim) (Nem) (Nem) (Niem) (Nécm) 
0.6700 0.1860 0.6426 0.1382 0.6058 0.1023 0.5673 0.0754 
0.6692 0.1698 0.6417 0.1263 0.6076 = 0.0934 0.5664 ‘0.0689 
0.6673 0.1548 0.6399 0.1151 0.6058 0.0851 0.5646 0.0628 
0.6646 0.1416 0.6373 0.1053 0.6033 0.0779 0.5662 0.0574 
0.6614 0.1288 0.6342 0.0957 06004 00708  QS5596 0.0822 
0.6604 0.1170 0.6335 0.08573 0.6001 Q064 0.5596 0.0476 
0.6503 0.1072 0.6026 0.0797 0.5976 0.0589 0.5575 0034 


The similar manner was adopted to simulate of fabric modulus 
with varying yarn bending rigidity and yarn modulus in four 
different states and the results are tabulated in Tables.3 and 4, 


Table 3 Simulation of fabric modulus with varylug of yarn bending 
rigidity 
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Table 4 Simulation of fabric modulus with varying of yarn modulus 


Yarn Modulus Yarn Modulus Yarn Modulus Yarn Modulus `” 
(Ey =0.02 Nécm) (Ey=0.03 Niem) (Ey =0.04 N/cm) {Ey =0.05 N/cm) 
“EL E El- B Be Bo e 
(Nim) (Nim) NAm)  (NAm) (Nécm) (Nim) (Nám) (Nam) 
0.3337 0.0816 0.4967 0.1214 0.6571 0.1604 0.8510 0.1989 
0.3333 0.0745 0.4961 0.1108 0.6563 0.1465 0.8140 0.1816 
0.3223 0.0679 049%46 0.1010 0.6544 0.1335 O8116 0.1655 
0.3310 0.0621 0.4926 0.0924 0,6517 0.1222 0.8084 0.1514 
0.3294 0.0565 0.4902 0.0340 0.6486 OILI 0.8045 0.1377 
0.3289 0.0515 0.4896 0.0766 0.6477 0.1013 0.8035 0.1256 
0.3274 0.0470 0.4874 0.0699 0.6448 0.0925 0.7998 01146 


As it can be observed from the simulated results with increase 
the stitch length and the coefficient of friction of yarn-to-yarn, 
the fabric initial modulus are decreased, while it has a reversed 
result with the increase of yarn bending rigidity and yarn 
modulus. On the other hand, the predicted result from this 
theoretical analysıs for E, and E, (Table 1) show a very 


higher values for initial modulus in wale wise than course 
wise which has a very good agreement with the previous 
researcher's analysis Kovar [5]. Kovar indicated that the 
friction effect on fabric deformation and say yarn-to-yarn slip 
is much more important in knitted fabric than in woven fabric 
deformation. In the direction of the wale, the frictional 
resistance of knitted fabric needs be overcome at the very 
beginning of the fabric elongation. It leads to step increased 
in load O (stress) in the model approach (Fig.10, line 1) and 
higher initial modulus of deformation on the real fabric 
elongation (hne 2). In course wise direction, the same effect is 
not observed (Fig. 10, line3). 





éEé-——p 


Figure 3 Effect of yarn-to-yarn slip and direction of load applied in 
knitted fabric stress-strain curve. 


I. CONCLUSION 


We have presented a mathematical model based on the 
energy theorem with applied the Castigliano’s theorem for 
predicting the initial modulus properties of plain weft-knitted 
fabric in both wale wise and course wise directions. This 
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Yarn Yarn Yarn Yarn 
bending rigidity bending rigidity bending rigidity bending rigidity 
(Be 3 N.mm’) (B=4N.mm) (B = 5 Namm?) (B = 6 Namm’) 
El E2 El E2 E! E2 El E2 
(Nim) (Nim) Nám) (Nam) (Nám) iNkw) (Nám) (Nim) 
0.6503 0.1586 0.6571 0.1604 0.6612 oes C664 0.1623 
0.6495 0.1449 0.6563 0.1465 0.6604 0.1475 0.6632 0.1482 
0.6476 0.132 0.6544 0.1335 0.6585 01344 0.6612 0.1351 
0.643 0.1208 0.6517 0.1222 0.6558 0.123 0.6586 0.1236 
0.642 0.1099 0.6486 O.1111 0.6526 0.1119 0.6554 0.1124 
0.6411 0.1002 0.6477 0.1013 0.6518 0.102 0.6545 0.1025 
0.6382 0.0914 0.6448 0.0925 0.6488 0.0931 0.6515 0.0935 


model is useful to predict the fabric modulus with a given 
characteristics of the yarn used and fabric produced. This 
approach may lead to a reduction in the need for destructive 
testing. This topic will be discussed in detail and experimental 
result in further paper. 








APPENDIX 
As seen in Figure,2 
= -W2 (19) 
HF+GC=L +h =g 
DE =48= L =P (20) 
2sin@ 
BC=L=L +L, (21) 
BG = EH = L, = —2— (1 +cos0) i (22) 
2sın8 
EF =L, =L +L, (23) 
£_ © 1, Dcogo 24) 
2 sin@ 2 
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Abstract—A model based on Finite Difference Method (FDM) is 
proposed for simulation of Partial Discharge (PD) Patterns, in 
which three parameters are considered, viz. the critical fleld 
intensity for partial discharge occurrence E,, residual field 
intensity E, and size of the void. Discharge quantity at any instant 
is not only function of E, , E, but also depends upon the discharge 
area which is function of void size. In this paper Plane-Plane 
electrode system is considered and the void taken is a rectangular 
parallelepiped. PD simulations for different sizes of void inside 
the dielectric are carried out with constant E, considering 
occurrence of partial discharge, residual field to be stochastic in 
nature. The inception.and extinction of PD, shape of PD patterns 
in relation to pulse amplitude and the amount of charge, which is 
released during PD for different void sizes, are studied snd 
reported in this paper. 


Key words—Finite Difference Method, Partial 
Simulation and Stochastic Parameters. 


Discharge 


1, INTRODUCTION 


VARIETY of solid, gaseous, liquid and combinations of 

ese materials are used as insulation in electric power 
apparatus and cables. Most of the insulators are not 
perfect. The imperfections act as weak parts of an insulator 
and are responsible for Partial Discharge (PD). Charge 
released during PD causes degradation of insulating material at 
various defects within the insulator and also at the interface 
between electrode and insulating material [1]. Partial 
Discharge is inherently a complex, stochastic process that 
exhibit significant statistical variation in the form of pulse 
amplitude, shape and time instant of PD occurrence [2]. PD 
has been observed to be turtle like or rabbit like for 

void [3], [4] and wing-like (or triangle-like) patterns for 
electrical trees [5-6]. It also changes with material aging [7-8]. 
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The turtle-like pattern was found considering the effect of time 
lag of PD [3] and the rabbit-like 


pattern was obtained when probability of occurrence of the 
first PD after the change of pulse polarity was assumed to be 
less than that of other pulses [4]. The PD behavior in an 
artificial single channel was studied by an author [9] to show 
the growth of tree along the channel. tree along the channel. 

In order to compute the field distribution within the 
specimen and to study PD mechanism, Finite Difference 
Method (FDM) is used in this work. Phase resolved plots, 
which directly reflect the statistical properties of PD, have 
been obtained and reported in this paper. Total charge released 
per half cycle with the change of void size is also observed in 
this study. A turtle-like PD pattern with periodicity is obtained 
in which stochastic variation of the PD magnitude is also 
reflected. 


II. CHARGE RELEASED DURING PD 


When a PD occurs in a void, a discharge channel of high 
conductivity is formed as shown in fig] and as a result positive 
ions and electrons move in opposite directions. With the 
accumulation of charges on the void surfaces, the field 
intensity between the two discharge areas is reduced and PD 
ceases when the field intensity reaches the residual field 
intensity, E,. In this study, simulations were carried out with 
probabilistic nature of E, as well as partial discharge 
occurrence. The charge of a PD pulse can be expressed as 

Q=8,,6,A(E-E, )={(6,:694)/ dE - Eg)d (1) 
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Figî. Discharge channel due to PD ia a void. 
where A is the discharge area, d is the void thickness, £, is the 
relative permittivity of gas inside the void and (e,.¢,A)/d is the 


capacitance between the discharge areas...E—is -the..field.--- - 


intensity between the void surfaces at the time of PD 
occurrence. 


Tf. MODEL USED FOR SIMULATION 


In this section the simulation model used for PD has been 
discussed using Finite Difference Method considering a 


rectangular parallelepiped void inside a rectangular 
parallelepiped insulator with Plane-Plane electrode 
arrangement. The insulator is considered to be placed 


between a pair of electrodes. Fig2 shows the electrode- 
insulator-void configuration used in this simulation. 


Void 





Fig2. Electrode-insulator configurations considered for PD simulation. 


The mesh used in the simulation is a three dimensional one of 
size (21x21x10) units. The electrode separation is taken as 10 
units. One unit in the mesh corresponds to 0.20mm. The void 
dimension is varied from (1x12) units to (36x36x2) units in 
‘four steps which are termed as size] to size 4 respectively. 
The relative permittivity of the insulating material (e,,) is 4, 
which is of epoxy resin and that of the gas inside the void (£x) 
is 1. The peak value of the sinusoidal applied voltage is 12kV 
at 50 Hz. When the field intensity in the z-direction in the void 
exceeds the critical field intensity (E.) for partial discharge 
occurrence, PD takes place and a narrow discharge channel is 
formed between the void surfaces. It is assumed that the 
opposite discharge surfaces are symmetrical and the discharge 


extend symmetrically on the two surfaces of the void. As a 
result the positive and negative charges after PD extinction on 
the two void surfaces are also distributed symmetrically as in 
Figl. After PD extinction, the charges left in the gas within the 
void move to the void surfaces because it is considered that the 
charges can reside only on the void surfaces. 


IV. FINITE DIFFETRENCE MODELLING 


At first the total three dimensional zone of interest is 
discretised suitably into a mesh. In FDM the potential of any 
node (x,y,z) is expressed in terms‘ of the potentials of the 
connected nodes. After satisfying Laplace’s equation at (x,y,z) 
for a single-dielectric and equal nodal distances , the potential 
of the node (x,y,z) can be written as 


xy = LY cy + Vilys + Vayas + Vy yale + Vey sel + Viy- 


]/6 (2) 
The potential at any point (x,y,z) on the void surface can be 
expressed, considering two dielectric arrangement and the 
dielectric interface on the x-y plane, as follows. 


v 


Vays = Wiis + Vn yr + Viy + Vy yale + 


(3) 
(26,28 0Vs,y001 + 26 18 oVx 721) (Enbo + 8,280 J / 6 

The field distribution is calculated using the difference form of 
Laplace equation refers to (2) & (3). The boundary 
conditions for PD simulation are as follows. 

(a) v = V, Sinot 

(b) The field intensity in the discharge channel is Ex; 

(c) In presence of any charge accumulation due to PD, the 
potential at any point (x,y,z) on the void surface can be 
expressed as follows. ; 
Vay =D yay: + LEER + Vy yale + Ve yele + (hO py + 
RE ,2E0V r yss + 2E EO yy 2-1 ) KE 18 + & 289 1/6 l 


(4) 


where co, ,,. is the surface charge density and Ais the nodal 


Xy. 
distance. 
(e) Fringing effect is neglected on the four sides of the 
specimen on x-z and y-z planes, i.e. electric field intensity is 
considered to have only z component on those four 
boundaries. i 
The PD charge is equal to the difference between the induced 
charges on the electrode before and after PD. The field 
distribution can be calculated after PD using equation (4). If 
the conductivities on the surface and that of the insulating 
material are neglected, the charge distribution would not 
change until the next PD. The field intensity changes with the 
AC voltage, and the next PD occurs when the field intensity 
across the void again exceeds the discharge inception value 
(Œ). When E, and occurrence of PD are considered to be 
stochastic in nature, the actual PD patterns are simulated using 
the above calculations repeated for large number of cycles. 
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V. ASSUMPTIONS TO INTRODUCE STOCHASTIC FEATURES TO 
PD 


In this model, the stochastic behavior of PD is expressed in 
two different ways as mentioned below: 


(a) This stochastic behavior is modeled by assuming the 
probability for PD occurrence as given below [10]. 

P(E)= f(E) (E>E,) 

=0 Œ (E<E,) (5) 

where P(E) is the probability for partial discharge occurrence 
in the void when the field intensity across the void is E , (E) 
is a chosen function and E, is the critical field for partial 
discharge occurrence. For the present work f(E) is expressed 
as follows. 
S (E) = k woe (E - E.) (6) 
The critical field for PD inception is 3kV/mm which thi 
breakdown strength of air at STP. In this work the value of 
Ko» is varied in such a way that PD inception takes place 
within the electrical field range of 3kV/mm to 5kV/mm. This 
is to introduce the effect of pressure and volume of air within 
the void, which is enclosed by insulating material. 

(b) During or after PD, the random motion of the carriers 
may lead to diversity of charge distribution within the discharge 
area. This effect may be expressed by considering a random 
range of residual field E,. It is assumed that the residual field in 
the segments between the two discharge areas is distributed 
randomly within a certain range. 

E, =E,, + BN, (7) 
Where N, is a random number distributed uniformly between 0 
and 1 and B is a constant. 


VI. RESULTS AND DISCUSSIONS 


The time period (T=20ms) of the applied sinusoidal voltage 
is divided into 3600 discrete time intervals such that each time 
interval is equal to 0.1 degree or 5.55 ps. Results in the form 
of phase resolved plots have been obtained, which show the 
effect of probability distribution function (E) and dimension 
of the void on PD respectively. Fig3. shows the phase 
resolved. plot for void dimension (1x12) units. Due to small 
surface area of the void the possibility of number of discharge 
at a particular instant of time decreases. As a result 
instantaneous charge released and total charge released per 
half cycle are low compare to that of larger voids, which is 
reflected from fig4. The time lag between two consecutive 
discharges decreases with the increase of void size. Therefore 
the phase resolved plots for larger voids become much dense 
than that of smaller voids. It is also observed from fig3, fig4 & 
tablel that angle of inception of PD decreases and angle of 
extinction of PD increases with increasing dimension of void. 
This is because, as the dimension of the void increases, electric 
field within the void in z direction increases and along x-y 
direction decreases. Therefore critical electric field for PD 
occurrence is achieved at a comparatively lower voltage phase 
angle. As the void dimension increases, the possibility of PD 
occurrence from different parts of the void surface also 


increases, as a result PD extinct at a higher voltage phase 
angle. 

The effect of probability distribution function f(E) on PD 
phenomenon is observed from fig4,5,6 & table2. It is observed 
from the phase resolved plots that the shapes of PD patterns 
become more cluster and variation of charge magnitudes 
become less with decrease in the value of Koop. As the value 
of Kwo» increases the stochastic variation of PD occurrence 
decreases and the stochastic variation of E, becomes the the 
dominating factor. As a result comparatively large variation in 
charge magnitudes are observed. Although the shapes of the 
PD pattems in each of the cases remains almost like a turtle. 





i i> 
a E3] 100 w m = wW 2D <0 





Fig4. Phase resolved plot for void dimension (25252) units and 
Koroh™5. 
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w 150 pe 
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FigS. Phase resolved plot for void dimension (25252) units and 
Kprob=ð.5. 
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FigureS. Phase resolved plot for void dimension (25x25x2) units and 


Among three values of Kob , the last value in table2 gives 
the most appropriate turtle shape which actually resembles 
with the shapes found by the authors of[3},[8]. Also the 
variation in the total amount of charge released per half cycle 
is very less as reflected from table2. 


Tablet. Variation of Angie of inception and extinction with Void 
Dimension for Kprob4.25 





Table2. Variation of charge released per half cycle for different 
values of Kprob with void dimension (25*25x2) units 


AT ME KCN | SANS 
Eras SEE, SRE || Dee 
ee eee T 0 












With the increase of the dimension of the void, the surface 
area of the void increases, as a result PD takes place 
throughout the total area of the void surface. Therefore number 
of PD pulses and total charge released per half cycle at a 
particular instant of time increases, which is shown in fig7. 


gE 


Total charge relexsed per hai cycie in pC 
BBS 8 8B es B 


o 8 





Fig7. Variation of total charge released per half cycle with different size 
of the void for Ky,op5.0{1 to 4 represent void varying from sizel to 
sized). 


VII. CONCLUSION 


This simulation model provides information about 
inception, extinction and shape of PD patterns for different 
sizes of void when the conductivity of the void surface is low 
and the effect of charge migration in air is neglected. The time 
lag between two consecutive discharges is assumed to be 
determined by the charge distribution on the void surface. The 
stochastic nature of PD is reflected in simulation results, which 
tally closely with the experimental results of previous 
researchers. 


REFERENCES 

[I] J. H. Mason “Discharges”, JEEE Trans. on EJ, Vol.13, pp.211-238, 
1978. 

[2] R J. Vanbrant, “Stochastic Properties of Partial 
Phenomena”, JEEE Trans. on El, Vol. 26, pp.902-948, 1991. 

{3} M. Hikita, K. Yamanda, A. Nakamura and T. Mizutani, 
“Measurement of Partial Discharges by Computer and Analysis of 
Partial Discharge Distribution by Monte Carlo Method”, JEEE Trans, 
on EI, Vol.25, No.3, pp.453-468, 1999.. 

[4] F. Gutfleisch and L. Niemeyer, “Measurement and Simulation of PD 
in Epoxy Voids”, IEEE Trans. Dielectr. & El, Vol.2, No.5, pp.729- 
743, 1995. 

[5] Suwemo, H. Ichikawa, Y. Suzuoki, T. Mizutani and K. Uchida, “A 
Model for Electrical Treeing Discharge in Polyethelene”, 
International Symposium on Electrical Insulating Materials, Tokyo, 
Japan, pp.443-446, 1995. 

[6] Suwamo, Y. Suzuoki, F. Komori and T. Mizutani, “Partial Discharge 
due to Electrical Trecing in Polymers: phase- resolved and time- 
sequence observation and analysis”, J. Phys. D: Appl. Phys. Vol.29, 
pp.2922-2931, 1996. 

{7] K Wu, H K. Xie, Y. Suzuoki and T. Mizutani, “The Effects of 
Conductivity Distribution in Tree Channel on the Behavior of PD in 
Electrical Tree”, JSEIM 98, pp.701-704, 1998. 

{8] T. Ishida, M. Nagao, Y. Mizuno and K. Kosaki, “Swarming Pulsive 
Microdischarge Characteristics of Internal Void Specimen end 
Factors Affecting its Occurrence”, Trans. IEE Japan, Vol.113-A, 
No.1, pp.43-51, 1993. 

[9] K. Wu, H. K. Xie, Y. Suzuoki and T. Mizutani “A Novel Physical 
Mode! for Partial Discharge in Narrow Channels”, JEEE Trans. on 
Duelectr. & EI, Vol.6, No.2, pp.181-190, 1999, 

[10] Kai Wu, Tatsuki Okamoto and Yasuo Suzuoki, “ A Simulation 
Model for PD Patterns in Voids with consideration of PD Discharge 
Areas”, IEEE Conference on EJ and Dielectric Phenomena, pp.649- 
652, 2000. 


r 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


Developed Model of Exciter Mechanism 
in Vibrating Screen and its Influence on the 
Efficiency of Grading Particle in Iron Ore 

Production Line 


A Rastgo’, H.Sohanian’, and A.Aram? 


Associate Prof. of Mechanical engineering department, University of Teheran, Iran e-mail: arastgo@ ut.ac.i1) 
7M S student, Mechanical engineering department, University of Teheran Iran e-mail: hh Lfaghighi@ yahoo: com 
* Scholar of Iran institute of mineral research 


Abstract— Vibration of screen chamber has direct effect on 
the performance of screen. Different type of exciter 
mechanism used for this purpose. The modeling and 
simulation of the exciter make better prediction of its 
behavior. In this work, the excitation of the mechanism 
studied by developed model and the rule of a few parameters 
such as frequency, amplitude and spring stiffness investigated. 
The kinematics and dynamics analysis of exciter along with 
simulation of the screen chamber give several data to achieve 
better efficiency of screen for grading particle. Accordingly, 
the quantity and distribution of the feed to the screen can be 
related to the mechanical, parameters of screen for higher 
efficiency. The result discussed and verified by the 
experimental analysis of iron ore production line. 

Key words — exciter mechanism, vibrating screen, 
efficiency, and screen capacity. 


I. INTRODUCTION 


It is always necessary to control the size characteristic of 
particulate material that is fed to process equipment that 
separates the mineralogical components. Screens are used for 
this purpose. The usual industrial screen is vibrating screen. 
Vibrating screen machines for use in mineral processing 
industries are commonly used to separate minerals such as 
ores by size, usually after crushing. Several ingenious methods 
of movement and vibration of screen surface have been 
devised and employed ın screening devices over the years. 


High-frequency vibration is used in some devices, wherein 
the screen is vibrated on the order of 10,000 Hz and responds 
through rapid particle separation. Typically, these devices also 
utilize low-frequency vibration to assist in transporting and 
dispersing material across the screen unfiltered is collected. 
Another form of vibratory motion used is low-frequency 
vibration, typically, produced through counter-rotation of 
eccentric weights. Finally, some devices employ a method 
wherein the screen is vibrated at a frequency at or near one of 
its resonant frequencies, and ıs tuned closer and closer to that 
resonant frequency. This method advertises a low input power 
requirement because of the efficient natural of the resonant 
vibration, but requires massive components and foundation for 
resonant damage resistance. Similarly, the above-discussed 
low and high frequency vibration, devices are constructed of 
heavy components and foundations since they cannot 
guarantee that their operating frequency range wil] not 
coincide with any of device’s resonant frequency modes. 
These heavy construction setups more power to impart a 
selected vibration regime than would a lighter construction. 
Unbalance vibrator with at least one pair of unbalanced 
masses disposed on the shaft is suitable in cases where the 
screen.capacity may be varied. In order to evaluate the effects 
of exciter mechanism design and operating variables on the 
performance characteristics of screening operation, an analysis 
on parameters has been done. Better understanding of these 
factors will inevitably lead to more effective design and use of 
screens and will thereby improve accuracy and efficiency of 
such size separations. This paper presents a summery of the 
work and study on these parameters. 
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Il. CHACTERISATION OF PERFORMANCE 


The primary objective for imparting vibrations to screen is 
to aid segregation of fines through the bed to the screen 
surface, dislodge accumulations at the apertures and to keep 
the screen active at all time. However, the shape of particles, 
moisture content and number of times a particle is able to 
approach the screening surfaces complicate the process [1]. 
The probability (p) of a particle passing through a screen has 
been shown by Gaudin [2] to be: 


2 
Pee e (1) 
Lit+d, 


Where d „ =the particle size of which 50% passed through 





a screen, d@,, =diameter of wire and L} = bar aperture. 


This probability 1s affected by the amplitude, frequency and 
direction of vibration. These parameters depend on exciter 
mechanism used to move the screen. Miwa [3] has estimated 
the number of presentation (A, ) of particles on to the screen 


surface by considering the effective aperture (L,,), the 
diameter of the wire (d „) of screen, the length of screen (L) 


and taking a particle size,d,,. at which 50% of the material of 


this size passes or 1s retain on the screen. The expression is 
given by: 
2 
nxt eae o) (2) 
LL (ie 4s0) 
The value of N, includes vibration (amplitude and 


frequency) and other variables related to screening. Another 
equation ıs given by Gupta [1]: 


T 


-M q- p": (3) 
m F (l- p) 2 


Where M,= the initial mass of undersize in the feed 


stream. M=the mass of undersize remaining on the screen after 
N attempts. 

The ratio (m,) 1s directly depending to the efficiency of 
screen. Because of effect of amplitude and frequency on P 
and N,, tt is necessary to study on parameters that determine 
the relation between amplitude and, frequency. 


NI. SCREEN PERFORMANCE CRITERIA 


Two criteria are used to assess screen performance, capacity 
and efficiency. Capacity is simply the quantity of material fed 
to the screen per unit time per unit area of screen surface. In 
reality capacity should be quoted along with efficiency. The 
basic purpose of screening is to separate particles larger or 
smaller than the other aperture of a screen. Efficiency is 
defined based on mass fraction of undersize in the oversize 
and mass fraction of oversize in the undersize. Capacity and 
efficiency are generally conflicting quantities. Any screen can 
have its capacity increased; but this is likely to be achieved at 
the expense of efficiency. 


IV. DESCRIPTON OF EXCITER MECHANISM 


The exciter has a cast housing and mounting base secured to 
mounts bolted to the side plate of screen. Pair of shafts is 
mounted for rotation in. The outer end of the shaft is provided 
with eccentric masses aligned on their respective shafts 180 
out of phase Units. Fig.l shows the exciter unit with 
unbalance weights. 





Fig.l 


In vibratory power unit of this type position of moveable 
mass or weight member is changeable by rotating it relative to 
fixed mass. In these power units a regulation of the centrifugal 
forces, and thus due to changes in vibration amplıtude, a 
regulation of the screening capacity between a maximum and 
minimum value can be obtained. Such regulation can 
however, not is affected during operation but can be affected 
only when the unit is at rest. If the two masses of each pair of 
are of equal size, the screening capacity can be adjusted 
between a maximum, when the two masses are directed 
equally with respect to the motor shaft, and zero, when the 
masses are oppositely directed and the generated centrifugal 
forces cancel each other. 

The vibrating devices are mounted either at the feed end, 
center of screen frame or near the discharge end. The 
vibrations are controlled by large steel springs attached to the 
bottom of the frames. It has been determined that the direction 
of excitation should pass through the center of gravity of 
machine in use. However, as the screen wears or panels are 
changed or the machine is loaded with a mass of material and 
progressively shifts this mass, the center of gravity moves 
relatively to the direction of vibration. Fig.2 shows direction 
of vibration ts normal to plane which the exciter is installed. 


dtrecton of briton S 





Mm atin 
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V. DYNAMIC ANALYSIS OF EXCITER 


The exciter ıs explained with the following analysis. 
Assuming the forcing function to be sinusoidal, the 
acceleration of the screen motion may be expressed by (4): 


a =a sinon) (4) 


Where 4, = screen acceleration 

A, = Screen stroke 

@=2n f angular frequency 
_ Non 


60 
Where N = the operating speed of the screen (rpm) and 
where a, is at a maximum value when sin(@t) =1 and the 
force required to produce a desired maximum stroke A_ is 


given by the second Newton low: 


(5) 





M, = mass of the screen 
This force F, is applied to the screen through the spring 


system and exciter mechanism. The forces generated by the 
rotating eccentric weights in fig.1, of the linear exciter may be 
computed as shown in (6): * 


2 
p, -We f N20 © 
g 60 
Where F, =force generated by eccentric weight. 
W,, =total weight of eccentric weights. 


r=distance from center of rotation to the center of 
gravity of the eccentric weight. Spring system force may be 
compute as shown ın (7): 


patie () 
2 


Where C, = spring system rate. Using equilibrium equation 
we have (8): 











2 2 
Pini eR cea a eee 
1790 9 895.44 2 
W rN? ‘ 
A = 8954 ; 
' fC, WN? (8) 
2 1790.9 ; 


Equation (8) shows the effect of parameters on amplitude of 
vibration. The exciter’s parameters such W`, . and r have most 


effect on screen stroke. It also shows that at frequencies higher 
than natural frequency of screen increase in frequency lead to 
decrease of amplitude of vibration. Using vibrating screen 
with exciter mechanism include unbalance weights we could 
change the amplitude of vibrating by changing the 
parameter (r). It should be noted that increasing the amplitude 
of vibration initially increases the percentage passing through 
a screen. After reaching a peak, a further increase of vibration 
decreases the amount passing through. It has also been 
determined that in constant amplitude or in frequency much 
higher than natural frequency change in frequency has little 
effect on the amount passing through the screen as shown in 





G) 
E 
a 
§ 
5 
wa 
Frequency (radfcec) 
Fig.3 


We are using ADAMS to simulate vibration screen 


- motion. To study the effect of screen mass on the amplitude of 


vibration we chenge screen mass and measure position of 
center of gravity (cm). Fig.4 shows the effect of varing screen 
mass ‘that may happen because of changing in screen 
capacity; on the amlitude of vibration . 





oats 


. 
a. 


i 


max cm position (m) 





‘op ” {wae 12080 : 135000 sap kraal] 000 


Screen Mase (kg) 
Fig.4 


We can also see from (8) increase in screen mass lead to 
deacres in amplitude of vibration. 


VI. EXPERIMENTAL STUDY 


Maintaining of the target particle size distribution from a 
grinding circuit is a question of vital importance. Screen 
analyses show that there is a large variation ın the particle size 
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distribution of the ore fed to the autogenously grinding 
circuits. The most important factor for this variation is 
difficult to point out, since the link between the mining face 
and the concentrator is very complex. Although, the blasted 
ore may have a relatively constant size distribution, the flow in 
draw points at the mining face is changing during loading. 
Thus, the size distribution of the loaded ore will vary. Since 
variations in feed ore rate influences the ground product; 
comparisons of the resulting particle size distributions of the 
product streams for the different capacity were carried out. For 
each capacity we should regulate vibrator to obtain better 
performance and efficiency. As can be seen in fig .5 for finest 
fraction (< 3mm) we have excellent efficiency. 






all zeal 


THM LTT 
n TT 
CO Eon A 
aA 


Wa | 
size(rnicrometer) 


a aS Sa ES SecA 
a SS aS 





16 10088 


Fig.5 


In industrial screening efficiencies of 100% is not achievable. 
Hence 90-95% efficiency is considered as the maximum for 
normal wire screens. During scale ping operations Colman [4] 
suggested that the efficiency should be taken as 80-85%. 


VIL. CONCLUSION 


Screen exciter has direct effect on screen efficiency. 
Parameters such as frequency and amplitude of vibration are 
depending to exciter parameters such as weight of eccentric 
masses and distance from center of rotation to center of 
gravity of masses, Also we study on effect of increasing in 
screen mass on the amplitude of vibration. Equation (8) 
derives from dynamic analysis of exciter and relates 
parameters to each other. Experimental study show that by 
regulating vibrator unit we can reach to high efficiency. 
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Abstract—In this paper, a computationally efficient technique is 
proposed for determining the modulus of highest eigenvalue of a 
linear polynomial using Newton Raphson method and an 
algorithm for power of companion matrix. 


Keywords—Elgenvalue, Polynomial, Newton Raphson method, 
Gerschgorin theorem. 


L INTRODUCTION 


HE problem of finding regions that contain some or all 

eigenvalues of matrices or zeros of polynomial has a long 
history. Cauchy gave an easily calculated circular bound for 
complex coefficient polynomial zeros [1]. A bound for zero of 
the polynomial is also presented by Fujiwara [2]. A new 
improved bound based on Cauchy are given in [3-5]. For 
matrix eigenvalues, Gerschgorin Theorem is very powerful 
tool for improving existing bound. It can be used to find disks 
whose union contains all the eigenvalues of a complex matrix 
[6,7]. In [8], an algorithm for determination of power of 
companion matrix is developed. It is useful in determining the 
State transition matrix. 

In this paper, we have determined improved bound of a 
polynomial by applying Gerschgorin theorem to various 
powers of companion matrices. We have observed that the 
higher the powers of companion matrix, more improvement in 
the bound. Further, this improved bound is used as initial 
approximation in Newton Raphson method for determining 
the modulus of highest eigenvalue. The proposed method is 
computationally efficient since very less iterations are needed 
in determining the power of companion matrix and hence in 
determining modulus of highest eigenvalue of a polynomial. It 
is useful in various control system applications [9-10]. 


U. BOUND FOR THE ZERO OF A REAL POLYNOMIAL USING 
DIFFERENT TECHNIQUES 


A. Cauchy Bound [1] 


Let P(z) is a real polynomial. It is given below as 
n 
P(z)=z" +) 4,2"* ael (1) 
k=] 


be a real polynomial. The result due to Cauchy states that all 
the zeros of P(z) lie in the circle 
|z| <1+A (2) 
where, 
A=max{|a, |}, k =1,2,..n n. (3) 


B. Fujiwara Bound [2] 
The zeros of P(z) satisfy |z] SA if 


A=2 max {|a |") (4) 
Isksw 


C. Datta and Govil Bound [4] 
Datt and Govil obtained an annulus containing all zeros of 
P(z) and proved that |z| <r for A21/n with 


R=1+A{l-(1+A)"] (5) 
where, 


A=max{|a,|},k =1,2,....n- (6) 


D. Boese and Luther Bound [5] 
All zeros of P(z) lie in the disk |z] sr, 


R=min{(1+ A)\—A/[(1+ A)" —nA)), 14+ 2(nA—1) Kn+1)} 
A2lI/n 
(7) 


where, 
A=max{|q,|},k =1,2,....7 (8) 


II. GERSCHGORIN THEOREM [6] 
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The Gerschgorin theorem finds a region in the complex 
plane that contains all the eigenvalues of a square matrix. Let 


A=[a, ,] € 0”. Assume that 


R= 5 la, i= Lown (9) 


heel hay 
and 


(10) 


C= $ la,|.f=1,....0 


dal kv 


then each eigenvalue of A is in at least one of the disks(row 
wise circles), 
(11) 


ep e-a,|S R) 


UL {zs 


So, each cigenvalue of matrıx A must lie in the union of ‘S’ 
of these n circles in the s-plane. _ 

Similarly, each eigenvalue of A is in at least one of the disks 
(column wise circles). 


IV. POWER OF COMPANION MATRIX 


An algorithm for power of companion matrix has been 
developed in [8]. It is based on partitioning of the matrices. 


Suppose, we know[C]’, then, the next higher power of 


[C],ic.,[C])™, can be known by computing only a single 
row, which involves ‘a’ multiplications together with ‘(n-1)’ 
additions. 

It has been applied for determining the state transition 
matrix and also in determining the dominant eigenvalue of the 
system having distinct eigenvalues. 


V. BOUND USING POWER OF COMPANION MATRIX AND 
GERSCHGORIN DISK 


Now we will determine bound of a polynomial using 
Gerschgorin Theorem and algorithm for power of companion 
matrix. Let 


n-l 
P(z)=2" +) cc's, ef 


i=] 


(12) 


be a monic polynomial of degree n with real coefficients. 
Let 


0 0 0 
0 0 0 
[C] : : 
0 0 
0 0 l 
0 n e a 





be a companion matrix for P(z). It can be shown that the 
eigenvalues of A are the zeros of P(z). 


Applying recursive algorithm for power of companion matrix, 
the powers of {cl can be developed. For simplicity, consider 
the matrix [C] ?. It is given as 





0 0 ] 0 0 0 
0 0° 0 l 0 0 
: : o 0 
[cy 0 0 0 0 ] 
-6 ~C -c =e 
iii Ser Co lH eC 


After applying Gerschgorin theorem to[C]*, the zeros of 
P(z) are contained in the three disks: 





|z*|s1, (13) 
I +C, < Scl, (14) 
i#n—2 


z’ + C2 = C; i 





S py IC,4C; -Ca];C_,0 0 05) 


Using the triangle inequality, we can consider larger regions 
so that: 








le|s1, (16) 
n=l 
TAE (17) 
1m0 
lels $10,- Calic 00 (8) 


Consequently, all eigenvalues are contained in the disk of 
radius R, where 





atl 


2C 


n-i 





C -Cal 09 


This idea can be generalized as follows. Let r 22 be a positive 
integer and assume that D, = C" = [ai] . Then, all zeros of P 
are contained in a disk of radius R, where, i 


R= max{ Coan. 


Analogous result holds if columns of D, are used, i.e., 





(20) 


252 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


Ri=max{’ [Yh 


del 


(21) 








gal 


VI. NEWTON RAPHSON METHOD 


One of the most widely used methods of solving equations is 
Newton method. This method is based on a lincar 
approximation of the function, but does so using a tangent to 
the curve. It is explained in various books [11]. Now the real 
problem is to consider starting initial estimate, which is not too 
far from a root. We can consider initial guess, which is 
determined from companion matrix of a polynomial and 
Gerschgorin theorem. It is useful in determination of modulus 
of highest zero of a polynomial. We find that less number of 
iterations is required in comparison with the conventional 
guess method, particularly in determination of highest 
eigenvalue. The algorithm and numerical example for Newton 
Raphson method are as given below. 


A. Algorithm 

Step!: Determine improved Gerschgorin bound for scaled 
companion matrix of a polynomial, i.e. Zg 

Step2: Compute p(z,), p (z,) 
If (P(z,) #0) and (P'(z,) #0) 
Repeat 


Set Z = Z 


Set W=% — P(%)/ P'(%) 


Until (dz -Z ) < tolerance value. 


B. Example 
Consider polynomial 
s +75 +4s+3=0 (22) 
0 l 0 
[C]= 0 0 I 
-3 4 -7 


The bound using Gerschgorin Theorem for the above matrix 
C is a disk of radius of 8. Now we determine the improved 
Gerschgorin bound using an algorithm for power of 
companion matrix. So, we get [C°] and [C°], which are 
given below. 


0 0 1 
[C°]=} -3 4 -7 
21 25 45 


-3 e 
[C] + 21 25. 45 
-135 -159 -290 


All the zeros are contained in the disk of radius R, where R= 
7.2801 when [C*] and R=6.9932 when [C°]. As higher the 
power of C , radius will be nearer to the modulus of highest 
eigenvalue. We have determined modulus of highest 
eigenvalue considering initial guess as x0=0, -14 and —6.9932. 
The results are shown in Tab.1, Tab.2, and Tab.3 respectively. 
Initial approximation is considered as non-positive since all 
coefficients of the characteristics polynomial are positive. The 
largest eigenvalue in terms of magnitude is -6.4521. 


ee E 


Kerations xnew 


-6.4538 -6.4521 


Tab. 3 Newton Raphson using Gerschgorin bound and from powci of 
companion matrix. 





From the above results, we have found that Gerschgorin 
bound using powers of companion matrix are required less 
iteration in comparison with conventional approximation 
method and Gerschgorin bound. The above iterations can also 
reduced for higher values of power of companion matrix. 
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Abstract— The work presented in this paper consists in the 
analysis of interaction effects between an external laminar air 
flow and a porous medium were we are interested in these 
effects of interaction between the two mediums by means of 
intersection of two computer software; one characterizes the 
external flow and the other the porous structure. The results 
presented are related to the space-time evolution of convective 
heat and mass transfer coefficients, and the surface 
temperature. Obtained results are in good agreement with 
those of the literature. 


Key words- porous media, external fiow, heat and mass 
coefficients, surface temperature. 


I. INTRODUCTION 


In a great number of problems, as well in natural situations as in 
practical applications, interaction effects between fluid and 
structure can be encountered. Processes of drying and filtration, 
heat insulation, and the many problems of exchanges between the 
soil and the atmosphere are typical examples of these applications 
{1, 2, 3] 


In these cases, it is possible to model the transport phenomena 
within the structure and tts environment using the classical 
equations of the mechanics of the continuous mediums The 
natural step consists in coupling the equations of transport in these 
mediums by expressing the continuity of the variables of state and 
the normal flux to the interface between the two mediums. 


The mathematical modelling of these phenomena is in general very 
complicated So, in order to simplify the study 


Velocity Boundary Layer 





Thermal Boundary Layer 


Fax : 213 21 52 29 73, E- mail :larbisalah @ yahoo.fr 


we were interested to the interaction effects between an external 
laminar flow of air and a porous structure with well known thermo 
physical properties [6]. 


The present work consists in analysing the interaction effects 
between this external laminar flow and a porous structure. We 
were interested in the study of these effects of interaction between 
the two mediums by means of intersection of two computer 
software; one characterizes the external flow and the other the 
porous structure. 


The results presented are related to the space-time evolution of the 
interfacial flow parameters for various Reynolds numbers and for 
different suction velocities, specially, the determination of the 
space-time evolution of convective heat and mass transfer 
coefficients, and the surface temperature. 


H. MATHEMATICAL MODELING 


Physical Model 


The physical model studied is represented by the figure 1. We have 
considered the problem of exchange between an external flow of 
air and a porous medium initially at a temperature Tp. The porous 
medium is placed in an enclosure, where, the conditions with the 
wall are adiabatic (x = 0 and x = Ly), the higher part (y = 0) is in 
contact with an external flow of air and the lower part {y = L ,) is 
isothermal. The temperature far from the plate is equal to T.. In 
some cases of heat transfer problems in porous media, convective 
effects can be neglected in comparison with the conductive effects 
[1]. By taking into account the fact that the phase change heat 
transfer is negligible compared to that by conduction [6], then, the 
resulting equations are given as below. 


Air Regulated in VelocityU.,, in 
temperature To, and in humidity Pa- 


Concentration Boundary Layer 


Fig. 1. Studied physical model. 
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Mathematical Model 


Energy and mass balance equations in the porous medium arc 
given by: 


dT, 
(pc, he as VAV Tae ) 


oe V(D,Vao+ DVT, ) 0) 
t 


With: T up: the temperature of the porous medium; Ayp: the 
thermal conductivity; p: the density; C,: the heat-storage capacity 
at constant pressure; w: the moisture content; D,, and Dy: the mass 
coefficients of diffusion of the porous medium. 


In a laminar flow case, equations characterizing mass, energy, and 
momentum transfer for the external flow are those of velocity, 
concentration, and thermal boundary laycrs. In a dimensionless 
form, they are written in the form 








du’ ave 
—=-0 
ax’ ay® 
Ou" ye Ou yy Bul au” a 
ar" da’ dy Re ay” 
ou A Ən’ ðu” 1 ðu 
ar’ an" dy’ Re Qy* 








ac* . ƏC $ əc”) 1! aC’ 
ar’ dA oy Re Sc ay” 
with: a Lup -& ond 
t U. 
PEA ae: Wasa oP TT g- 


Where: u and v: are the components of the vector velocity 
according to x and y; T: the temperature; T,: the wall temperature; 
P: the pressure; L: the length of the plate; t: the time; Re: the 
Reynolds number; Pr: the Prandt! number; Sc: the Schmidt 


Initial and boundary conditions corresponding to the boundary 
layers are given by 


For: t * $0; u (x,y) =0, 0° (x,y) =O and C* (x,y) = 1 
At: y'=0 u(x,)=0, VO,0=-Vy, O'(x,D=l and C(xy)=1 G) 
When: y°— 1 ; u(x, =15;6°(x,t)=0 and C’(x,y) =0 


For the porous medium, boundary conditions are: 


OT up =0;/J, =0 
Ox reo ets 


X= Ly igur hy os, =0 


For: |X =03 que = -Aire 


(4) 
=L, TL, 0=T1; J, =0, with: T1=cst; 
Ae YEL Bel L, t) a esi; (5) 
y=05 dup =A. (Tp 1.) ; a FA (G <.) 
d fro 
The initial condition is 
For: t $0; Typ (x, y, 0)=T 0; Xx, y= a (6) 
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Interfacial conditions between the external flow and the porous 
medium, are given by the below conditions [9]: 

For:0 <x SLx, 

Tex (x, 0, t) = Tag (X, 0, t) and qox = Que (7) 


With: |* =h (Tp -T.}J, =(D,VO+D,VT,,) 


a, 
Qur =ar 
MP oy a 


Where: h,: the convective heat transfer coefficient; hma: the mass 
transfer coefficient; q,,: the external heat flow; Jm: the mass flow. 


(8) 


IIL. NUMERICAL SIMULATION 


To calculate at any time and at each position the convective heat 
transfer coefficient “h,” , we initializes the value of “h,” by using 
an empirical relation related to the coefficient of convective heat 
exchange on a plane plate [3], given by: 


h -L 
Nu = 0.453 .Re > pr t= A (9) 





The solution of the problem requires the resolution of the dynamic 
and thermal boundary layer equations as well as the equation of 
heat transfer in the porous environment. These equations are solved 
numerically by using an ADI method (4, 5]. 


IV.RESULTS AND DISCUSSIONS 


The results presented are related to the space-time evolution of 
the convective heat transfer coefficient and of the surface 
temperature at times varying between | hour and 3 days. The 
properties of the air and of the porous medium are given by: 


x 


- For the air (external flow): Aes = 2.65 x10 °? W/m K; Re, lies 
between 3000 and 10 4; 


Pr = 0.70734. T o = 30 °C; T. = 30 °C. T1 = 10 °C; wp=0.02% . 


- For the porous medium: Ayp= 0.5 W/m K; 
a= Awe! pC, =25 x10" m?s. 


The dimensionless suction velocity value, V = is chosen in order 


] 
~ Re 


We have taken two values of V * equal to O and 10~ for a 
Reynolds number equal to 3000 and V “ equal to 0 and -3.10 * for 
a Reynolds number equal to 10 *, 





. 


to satisfy the condition [2]: V * < 


Convective heat transfer coefficients, empirical and averaged, are 


; 0.453A.Ret .pr' 1 > ACn) 
BIO gg A a y a fades e 
m 


ta 
The determination of mass transfer cocfficients, empirical and 
averaged is achieved by using the analogy between heat and mass 
transfer. 


The figures (2 and 3) show the evolution of convective heat 
transfer coefficient in space and in time for Reynolds numbers, 
Re, equal respectively to 3000 and 10 000 and for a suction 
velocity equal to 0. 
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The figures (4 and 5) give the evolution of convective heat 
transfer coefficient in space and in time for Reynolds numbers, Re, 
equal respectively to 3000 and 10000 and for a suction velocity 
equal to -10%. ‘The figures (6 and 7) show the evolution of 
convective mass transfer cocfficient in space and in time for 
Reynolds numbers, Re, equal respectively to 3000 and 10 000 and 
for suction velocities equal respectively to -10% and to -10*. The 
figures (8, and 9) show the evolution of convective mass transfer 
coefficient in space and in time for a Reynolds number equal to 
3000, and for suction velocity, respectively equal to -10° and -10*. 


For all figures, we can note an hyperbolic pace of the 
convective heat and mass transfer coefficients curves (he and hm 
decrease when “x” increases). As we can underline, the influence of 
the effect of the Icading edge (great value of the coefficient of 
exchange on the level of the leading edge), which has a 
consequence on a high value of heat flow in this zone. It is also 
noticed, that a and “hemp” are quantitatively different. 





Xom 
Fig.2. Evolution in time and in space of the 
convective heat transfer coefficient for: 
Re= 3000 and for V"=0. 


From the temporary point of view, we cannot note a significant 
evolution of the heat transfer coefficient during the process, while. 
we can note this influence on the mass transfer coefficient hm. The 
importance of the Reynolds number on the convective heat transfer 
coefficient is quite obvious, which has a consequence on the 
increase of the temperature of the porous medium. The increase of 
the suction velocities does not have a notable effect on the 
coefficient of heat transfer. 


The figures (10 and 11) show respectively the evolution of the 
surface temperatures for Reynolds numbers equal respectively to 
3000 and 10 000 and for a suction velocity equal to 0. The figures 
(12 and 13), respectively, give the evolution of the surface 
temperatures Reynolds numbers equal to 3000 and 10 000 and for a 
suction velocity equal to -10 “. The Figure 14, show the evolution 
of the surface temperature obtained by M. Prat [1] at four times, for 
a velocity and a temperature far from the wall respectively equal to : 
U „= I m/s and T= 20°C and with an initial temperature : 

Ty= 10°C. 





X(an) 
Fig.3. Evolution in time and in space of the 
convective heat transfer coefficient for: 
Re=10 000 and for V"=0 





X(an 
Fig.4. Evolution in time and in space of the 
convective heat transfer coefficient for: 
Re= 3000 and for V"=- 107. 
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x(a 


‘Fig. 5. Evolution in time and in space of the 
convective heat transfer coefficient for: 
Re=10 000 and for V'= 107. 
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Fig.6.Evolution in time and in space of the convective mass 
transfer coefficient for: Re= 3000, and for V"=-10° 
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Fig.8.Evolution in time and in space of the convective mass 
transfer coefficient for: Re= 3000, and for V"=-107 
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Fig.7.Evolution in time and in space of the convective mass 
transfer coefficient for: Re= 10000, and for V"=-10“ 
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Fig. 9. Evolution in time and in space of the convective mass 
transfer coefficient for: Re= 3000, and for V"=-107, 





X(an 
Fig.10.Evolution in tıme and in space of the surface 
temperature for: Re= 3000, and for V"= 0. 


X(an 
Fig. 1 1.Evolution in time and in space of the surface 
temperature for: Re= 10 000, and for V*= 0. 
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Xan 


Fig 12.Evolution in time and in space of the surface 
temperature for: Re= 3000, and for V"= -10%. 


TEMPERATURE (°C) 


X(m) 
Fig. 14. Evolution of the surface temperature for: UL = [m/s and 
T. = 20°c, according to [1]. 


V.CONCLUSION 


Obtained results in this study, highlight particularly, the effect 
of interaction between two mediums (external flow and porous 
structure) with in particular an appreciable influence of the 
thermal leading edge effect. We can also note that: if we increase 
the Reynolds number, the convective heat transfer coefficient and 
the surface temperature increase, which generates a better heat 
exchange; The influence of the suction velocity on the convective 
heat transfer coefficient and the surface temperature are not 
important; One of the significant results of the interaction between 
an external flow and a porous environment, is to create a spatial 
non homogeneity on the distribution of the interfacial temperature 
and of a coefficient of exchange; Obtained results by our computer 
software are in the same physical signification as those of Prat [1]. 
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Abstract—Based on the definitions of extensible set and the 
constructmg method of its dependent function, a sort of 
classification method under extension transformation, which is 
called extension classification method, is studied. It is different 
from the classification methods based on classical set, fuzzy set and 
rough set, and it is a sort of alterable classification method. 
According to a certain transformation, it can divide a universe of 
discourse into 5 parts: positive extension field, negative extension 
field, positive stable field, negative stable field and extension 
boundary. Moreover, the universe of discourse and the dependent 
function describing the degree that an object possesses certain 
character are alterable. {t makes the classification more elaborate. 
The phenomenon that “there is a corresponding classification 
pattern for a given transformation” is illuminated from the angle 
of set theory. Taking the extension classification management on 
human resources as an example, its applied value will be 
explained. The classification method is a basic method of extension 
data mining. It makes the classification function of data mining 
richer, 


Key words——extensible set, extension transformation, extension 
classification, data mining. 


I. INTRODUCTION 


ET is a tool that describes classification and identification 
of human brain for objective objects. Objective objects are 
complex and in incessant sport and variety. Hence, the 
classification and identification are not one mode but 
multifarious, and then the set theory describing them are not 
only but various !"!, The diversity of set theory indicates that 
human beings can conduct multi-angle and multi-level thinking 
for different objective objects, and can create set to represent 
objects in different ways, also reflects the dynamic role of set 
methodology in representing objects. 
For example, certain enterprise has definite demand for 
certain work-piece. For the machined work-pieces, we can 
divide them into standard and non-standard using the 
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classification method based on classical set. But in fact, there is 
a sort of re-workable work-pieces in non-standard work-pieces. 
For the work-pieces that measurements are bigger than stated 
standard, they can be changed into standard products by 
renewed machining; for the work-pieces that measurements are 
smaller than stated standard, they cannot be changed into 
standard products if only lathe them. All appearances, the 
wasters and re-workable products are different in nature in all 
non-standard products. Contrarily, if we change “renewed 
machining” into “electroplating”, then the set composed of 
re-workable products and wasters are just opposite to lathe 
them. °?! The sort of problem cannot be described by classical set 
Bl fuzzy set ! or rough set '5) Therefore, this classification lies 
on adopted transformation. A different transformation is 
corresponding with a different classification result. Our realistic 
world abounds with this sort of classification problem, so we 
must study the classification method based on transformation. 
In realistic world, some classifying problems cannot be 
described by classical set and fuzzy set. They lie on adopted 
transformations. A transformation is corresponding with a 
classifying method. The classifying problems are abounding, so 
we must study the classifying methods based on 
transformations. Extensible set is a concept based on this sort of 
practical problems. It can describe both the mutual transform 
between “yes” and “no” and the degree that an object possesses 
certain character, that is, it can describe both the process in 
qualitative change and the process in quantitative change. The 


, advance of extensible set has provided theoretical basis for 


making the process that people solve contradiction problems 
quantification, formalized and logical. It has also provided new 
mathematical tools for dealing with contradiction problems. 

Extensible set '* is a concept based on this sort of practical 
problems. It can describe both the mutual transform between 
“yes” and “no” and the degree that an object possesses certain 
character, that is, it can describe both the process in qualitative 
change and the process in quantitative change. The advance of 
extensible set has provided theoretical basis for making the 
process that people solve contradiction problems quantification, 
formalized and logical. It has also provided new mathematical 
tools for dealing with contradiction problems. 


260 


` 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


In this paper, based on the definitions of extensible set and 
the constructing method of its dependent function, a sort of 
classification method under extension transformation, which is 
called extension classification method, is studied. It is different 
from the classification methods based on classical set, fuzzy set 
and rough set "+9, and it is a sort of alterable classification 
method. According to a certain transformation, it can divide a 
universe of discourse into 5 parts: positive extension field, 
negative extension field, positive stable field, negative stable 
field and extension boundary. Moreover, the universe of 


discourse and the dependent function describing the degree that — 


an object possesses certain character are alterable. It makes the 
classification more elaborate. The phenomenon that “there is a 
corresponding classification pattern for a given transformation” 
is illuminated from the angle of set theory. Taking the extension 
classification management on human resources as an example, 
its applied value will be explained. 


Il. EXTENSIBLE SET AND THE CONSTRUCTING METHOD OF ITS 
DEPENDENT FUNCTION 


A. Definition of extensible set 


Definition: Suppose U is a universe of discourse, u is a 
discretional element in U, k is a mapping from U to real 
number field /, 7=(Ty „Tẹ T,) is a given extension 
transformation, Then 

E(T)={ (wy,y') | wETyU, ysk) El, 
(y= T KT, uel} 
1s called an extensible set in U, y=k(u) is a dependent function 
of E (T ), y= T, K(T, u) is an extension function of E (T). 
Among which Ty is the transformation of U, T, is the 
transformation of the dependent function, 7, is the 
transformation of element u (Here we need to prescribe: If u 
E TyU-U, then y=k(u)<0). 
If Te, then 
E (T= { wy’) | we TU, yk) <0, 
Y=Tk(Tyu)>0} 

is called the positive extension field of E (T): 

ET) { (uy, y’) | uE TW, y=k(u)20 ’ 

Y'= Tik(Tyu)<0 } ; 

is called the negative extension field of E (T); 

EAT )={ (wy,y’) | uE TU, y=k(u)>0, 

y'= Tk(Tyt)>0} 

is called the positive stable field of E (T); 

ET )= { (wy,y’) | wE TU, y=k(u)<0 , 

y= T.k(Tyu)<0} 

is called the negative stable field of E (T ); 

INT = { yy’) | WET, y'= Tk(Ty) =0} 
is called the extension boundary of E(T). 

According to the definition of extensible set, for a given 
extension transformation T, there must be a partition of the 
extensible set corresponding with it. The extensible set can be 
divided into 5 parts, that is, the positive extension field, 
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negative extension field, positive stable field, negative stable 
field and extension boundary. 


V.={ul u6U, y=k(u)S0, y’=k(T,u)>0} 


is called the positive extension field of U as to Ty; 
V ={ul| uEU, y=k(u)20, y’=k(T,u)<0} 


is called the negative extension field of U as to 7,; 
V= {u| ueU, y=k(u)>0, y’=k(Tyu)>0} 

is called the positive stable field of U as to Ty; 
V=(u| wEU, y=k(u)<0, y'=K(T.u)<0} 

is called the negative stable field of U as to T,; 
Vp (T)={ «| “EU, y=K(Ty0)=0} 

is called the extension boundary of U as to T,, 


B. Constructing method of dependent function 


In an extensible set, y=k(u) is a dependent function, it 
expresses the degree that the object uE U possesses certain 
characteristic. According to the different demand of each index 
in certain practical problem, y=k(u) can be chosen as different 
forms, such as primary dependent function, simple dependent 
function, discrete dependent function or interval dependent 
function, etc,!!91 

According to document [10], the dependent function y=k(u) 
can be established for single evaluating characteristic or multi 
evaluating characteristics. 

In the case of singie evaluating characteristic, if the 
characteristic value area can be described using two intervals 


Xy=<a,b> and X=<c,d>, and X cX we can 


construct a primary dependent function '"" based on 
side-distance as follow: 

P(X, Xo Xo) 

-Í, X)= m4 

DXX) P(x, X) = p(x, Xo) 
k(x)= and xé X (D 

PCH Hy Xo) i other conditions 

D(x, Xo X) 

Where 


P(x X)~ p(x, Xo) P(x, X) # p(x, Xa) 


and xg X, 


"Di Xa X)= p(x,X)-p(x%,X,)+a-b, p(x,X)=*p(x,X,) 


and xE X, 
a-b, p(x X)= p(x, Xp) 
According to the place of xo in X 4, we can choose one of the 
following formulas to calculate p(x, xX, Xp)”: 
a+b 








If x, € (a, >, then 
a-X, xSa 
b-% 
P(% X Xo) = PiX X XQ) = Pa (x—a), XE<A,Xy > 
THAD 
x—b, X2% 





If yeta) then 
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a-x, XS% 


PX X Xq) = P, Xp Xq) = EEn), XEK Ny > 


b-% 
x-b, x26 
If x, =a or x =b; then 
a~x, x<a 
P(x, a, Xo) =% a, x=a 
x—b, x>a 
where 
0, at Xo 
a, = p,(a,a,X,)=4a—b, ae X, 
O@(a—b), ag X, andae X, 
a- X, x<b 
P,Q, b, Xo) =4 b.» x=b 
x-b, x>b 
where 
0, bt Xo 
b, = p,(b.b, X,)=4a-b, be Xa 


0@(a—b), 
The =". then 


be X, and be X, 


a+b) b-a 
x a ees 
2 2 


a-X. get” 
2 


x—b, zaate 
2 


P(X Xo Xo) D p(x, Xa)= 





In the case of multi evaluating characteristics, we need to 
establish a multi characteristic integrating dependent function. 
It has various forms, for example, 


y= dak (x) (2) 
io] 

y= Ak, (x) Oo p 
mm] 

y= wk, (x) (4) 


tm] ` 
Where each k(x,) can be chosen as different forms, such as 
primary dependent function, simple dependent function, 
discrete dependent function or interval dependent function, etc. 
In formula (2), a, ,,,---,@, are weight coefficients. They are 


used to express the importance of each evaluating characteristic. 
According to the importance of evaluating characteristics, they 
are given different weight coefficients. 

Formula (3) expresses that the integrating dependent function 
is the minimum among dependent functions of all 
characteristics. 

Formula (4) expresses that the integrating dependent function 
is the maximum among dependent functions of all 
characteristics. . 

Based on the above definition on extensible set and the 
constructing method of its dependent function, we can make an 


alterable classification for all research objects. This 
classification method is called extension classification method. 


Il. Basic STEPS OF EXTENSION CLASSIFICATION METHOD 


Extension classification method is based on extension 
transformation. It includes ones based on element 
transformation in a universe of discourse, based on dependent 
rule transformation and based on the transformation of a 
universe of discourse. 

Given the general steps of extension classification method as 
follow: 

Step 1: Take the whole objects waiting be classified as a 
universe of discourse U, for V a transformation 7=(7;, 7,), set 
up an extensible set in U 

E(T)={ (uyy’) | UEU, yRU)El, 
y= 1, K(T, VEI} 

Step 2: Suppose T=(T,, T,)=(e,e), that is, the transformation 
T is a unit transformation. Calculate the dependent function 
values of each object, and according to them, the universe of 
discourse can be divided into as follow: 

V=(ul uEU, ku)>0}, 

V ={u] wEU, ku)<0}, 

V ={ u | uEU, k(u)<0}, 

Vl u] eeu, ku)=0}, 
They are called the positive field, the negative field and the zero 
boundary of U respectively. This is a partition of the universe of 
discourse U. The partition is determinate for a determinate 
dependent function. 

Step 3: Suppose T=(7;, Ta) Æ (e,e). For a determinate 
transformation T, calculate the dependent function values after 
actualizing the transformation T, and according to them, the 
universe of discourse can be divided into 5 parts as follow: 

The positive extension field of U as to T: 
V= {u| ueu, y=k(u)<0,y'= Ty k(T,10>0} 


The negative extension field of U as to T: 
V={ul uu, yk) 20,y'= T, k(T,u)<0} 


The positive stable field of U as to T: 

V ={u| EU, y=k(u)>0, y= Ti k(Tu)>0} 
The negative stable field of U as to T: 

V ={u| uu, y=k(u)<0 , y= T, k(Ta1)<0} 
The extension boundary of U as to T: 

Va (T)= {u | u€ U, y'= Ti k(T,u)=0} 

This is the partıtion of a universe of discourse as to a 
transformation. The partition is determinate for a determinate 
transformation and a determinate dependent function. 

According to the above partition, the universe of discourse U 
can be divided into 5 parts. In this way, for a discretional object 
in U, it must belong to certain sort among the above 5 sorts after 
given a transformation, The extension classification is done. 

Step 4: Take tums analogy, suppose to actualize other 


transformation, then it must be corresponding with a new 
extension classification. 
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Step 5: For the demand of different value area of dependent 
function, we can still give a more particular partition. For 
example, for the following set 


Vs=(ul uEU, y=k(S0, y= Ti A(T,u)>0}, 


If we want to divide the objects that their dependent function 
values are in <0,1>, <l, 5> and <5, +c) after actualizing 
the above transformation into a sort respectively, then the three 
sorts are the following sets: ` 

Vi= {u | wEU, y=k(u)<0, y'= Ty k(Tau) E <0,1>} 
V= { u | uE U, y=k(u) <0 , y= Ty KT) E <1,5>} 
Vy= { u | uE U, y=k() <0, y'= Ty (Ty) E <5, +>} 

Step 6: Suppose to actualize a transformation for the universe 
of discourse U, make TyU=U’, then there is a new extension 
classification for the new universe of discourse U’, and repeat 
step | to 6. 


IV. CASE ANALYSIS 


Certain company’s human resources department needs to 
actualize classifying management for its staff. The company 
originally classified its staff according to department, technical 
post, degree, technical sort, age, etc. Because the modern 
enterprise’s productions are high tech ones, they make the 
relations among all departments and all types of work 
increasingly osculation. Therefore, the classifying management 
for human resources also needs to consider its changeability. 
Under exquisite marketing competition, the company’s old 
productions have already not adapted the market demand, so the 
company decided to produce a sort of high tech new production. 

We will give some classification methods on the company’s 
human resources using extension classification method. - 

Suppose the company’s staff form a universe of discourse U. 
For certain employee O, it can be expressed with matter-element 
MEU, there is a multi-dimension matter-element expression as 
follow: 


O, department c, , vi O, a, Y 
technical post c,, v CG: v 

M= technical sortc,, v, |= G, » 
degree c, , v4 Cro Vy 

age c, A Cs, Ys 


Suppose the degree that a sort of technical level of the 
employee O accords with the demand that the company want to 
develop a high tech production is y=k(M). When the universe of 
discourse U doesn’t change, we can establish an extensible set 
- as follow 

E (T)={ (Myy’) | MEU, y=k(M)E1, 
y= T, k TuM) El} 

Here, we adopt single evaluating characteristic dependent 
function, that is, we can adopt a primary dependent function to 
construct y=k(M). ; 

1) When we don’t actualize any transformation, that is, 7=(T;, 
Tu)=(e,e), we can divide staff of the company into 3 sorts: 


V ={ M | MEU, k(M)<0 } expresses the employees who 
their technical levels don’t accord with the demand that the 
company want to develop a high tech production; 

V ={ M | MEU, k(M)>0 } expresses the employees who 
their technical levels accord with the demand that the company 
want to develop a high tech production; 

Vy ={ M | MEU, k(M)=0 } expresses the employees who 
their technical levels are on critical state, that is, they either 
accord with the demand or don’t accord with the demand. 

After making the above classification, we discovered that the 
employees in V failed to finish the task developing the high 
tech production. Hence, we must train the employees who don’t 
accord with the demand, that is, renew to classify based on 
transformation, and then form a new developing group. 

2) Actualizing corresponding technical training for the 
employees who don’t accord with the demand, that is, making 
the following extension transformation 


O, Cis v 
Cr V 
: TM = Cy, y =M" 
Cyr Vs 
Cs, Vs 


After training, test them and then confirm the degrees that 
they accord with the demand, that is, according to the value of 
y’= k(TyM), the employees can be divided into 4 sorts as follow: 

V =(M | MEU, k(M)>0 } expresses the employees who 
formerly accorded with the demand. 

V,={M | MEU, y=k(M)<O, y'= K(TyM)>0} 
expresses the employees who formerly disaccorded with the 
demand or were in critical state. 


V_=(M | MEU, y=k(M)<0, y= k(TuM)<0} 
expresses the employees who formerly disaccorded with the 
demand and still disaccord with the demand after training. 

V, (T)={M | MEU, y=k(M)=0, y'= k(TuM)=0} 
expresses the employees who formerly were in critical state and 
still are in critical state after training. 

Under the above transformation Ty, the whole employees’ set 
that accord with the demand is V Uv . If the employees have 


been enough to finish the task developing the high tech 

production, then the classification is over. If the employees’ 

numbers have been more than demand ones, then we need to 

size the employees who accord with the demand according to 

their dependent function values, and then confirm persons - 
selected. ! 

3) For the employees who aren’t employed after actualizing 
the above classification, they form a set U,, the company needs 
to consider how to allocate them. Therefore, the company is 
going to launch a culture service department. Here the former 
dependent rule is inapplicable. So we need to transform the 
dependent rule firstly, that is, make T; k= k’, for example, 
consider the employees’ social capability and education degree, 
and then classify them. The transformation can divide the 
employees in U; into 3 sorts as follow: 
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V={[M | MEU, y= =k(M)S0, y'=k'(M)>0} 


expresses the employees: who disaccorded with the former 
demand or were in former‘ critical state, and accord with the 
new demand after transforming the mule. 
V_=(M| ME Ui; =k} <0, y'=k’(M)<0} 

expresses the employees’ Who disaccorded with the former 
demand, and disaccord With the new demand after 
transforming the rule. i 

V (T)={M | ME Un, y=k(u)=0, y’=k'(u)=0}. 
expresses the employees who formerly were in critical state, and 
still in critical state after transforming the rule. 

In order to unite prepare and allocate within reason the 
employees of the company, we can take advantage of a new rule 
to classify for the employees in U who accorded with the former 
demand. Under the new rule, they can be divided into two sorts 
as follow: 


V ={M | MEU, y=k(M)20, y’=k’(M)<0} 


expresses the employees who accorded with the former 
demand or formerly were in critical state, and disaccord with 
the new demand after transforming the rule; 
V,={M | MEU, y=k(M)>0, y’=k’(M)>0} 

expresses the employees who accorded with the former demand, 
and still accord with the new demand after transforming the rule. 

Under the transformation J;, the set composed of the 
employees who accord with the new demand is V, UV + Here 


the employees in V_ can be as spare ones. If certain employee 


in V, is adapt to be a manage of the culture service department, 


then the employee can be prepared to the department. 

4) If the above classification still didn’t satisfy company’s 
demand, then we can adopt the method transforming the 
universe of discourse U, that is, make TyU=U’. The 
transformation will lead to reclassify for employees. For 
example, in the case of changeless rule, make an enlarging 
transformation for the universe of discourse U, that is, engage 
some high technical persons out of the company to join in the 
research group, or retain some pluralistic persons, and so on, 
they all can make the classification change and bring a new 
group. 

In the example, the dependent function y=k(M) describing 
quantificationally the degree that employees accord with 
demand can be established by using the constructing methods of 
dependent function according to the idiographic demand of 
enterprise. 


V. CONCLUSIONS 


Based on the classifying thought of extensible set, in this 
paper, a classification method based on extension 
transformation—--extension classification method is provided. 
The method fits in with objects’ classifying management in 
variable environment. The classification is detailed, its 
changeability is strong, and it can provide more classifying 


modes in order to let manager choose. Therefore, the method 
possesses not only classifying function but also the function that 
assists manager to make classifying decision. The classifying 
management software using the method to program will provide 
a strong classifying management tool for managers. Using the 
method to research data mining, it must dig out more valuable 
knowledge from a mass of data. "°?! 

The classification method is a basic method of extension data 
mining. '"4! It makes the classification function of data mining 
richer. 
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Abstract— In this paper, a method for computation of 
optimum expansion coefficients in generalized block pulse 
domain is suggested. A derivative based algorithm is developed 
and a subsequent computer program for computation of such 
coefficients for a few functions has been employed. 
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I. INTRODUCTION 


ITH the advent of piecewise constant basis functions 
(PCBF) [1] like Haar, Walsh, block pulse [2] and other 
related functions, scientists have understood the 
importance of function approximation with minimum error 
while dealing with a variety of problems. The quantitative 
judgment of quality of approximation until now 1s the mean 
integral square error (MISE). Of all PCBF’s, the block pulse 
function (BPF) set [3] proved to be the most fundamental. 
Also, a generalized version of the BPF set [4-6] was found to 


be more powerful for certain applications including function 


approximation. 


Until now, there is no definite method for computing the 
expansion coefficients of generalized block pulse functions 

an optimum manner. This helps in keeping the balance 
between the number (m) of component functions employed for 





(GBPF) in an optimum manner. Here, we present an algorithm 
for computing GBPF coefficients, off-line as well as on-line, in 
function approximation and MISE. For any particular value of 
m, the GBPF set incurs less MISE [6] compared to 
conventional BPF set in most of the cases. 


II. REVIEW OF FUNCTION APPROXIMATION VIA 
ORTHOGONAL FUNCTIONS 


A time function can be synthesized completely to a tolerable 
degree of accuracy by using a set of orthogonal functions. Let 


a time function f(t) defined over a time interval [0, T ) be 
represented by an orthogonal function set S,(t). Then 


R(t) = §cSi(t) (1) 


where, c,’s are the coefficients connected to the ni” 
member of the orthogonal function set. 


Since only a finite number of terms of the series S,(t) can 
be considered for practical realization, the right-hand side of 
equation (1) has to be truncated and we have 


N 
f(t) = Y cnSn(t) , (2) 
n=O 
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when N is large, the accuracy of representation is good enough 
for all practical purposes. Also, it is necessary to choose the 
coefficients cy‘s in such a manner that the mean integral 
square error (MISE) is minimized. Thus, 

2 


! N 
MISE= — fof (t) —- E caSa(t)} dt (3) 
T n=0 
This is realized by making 
1 T 
Ca = — fof (t)Sa(t)dt (4) 


T 


For a complete orthogonal function set, 
MISE in equation (3) decreases monotonically to zero as N 
tends to infinity. 


I. REVIEW OF BLOCK PULSE FUNCTIONS (BPF) {3] 


During the early 80’s, the BPF set found its application in 
different areas of control theory, like system analysis and 
identification, parameter estimation, distributed system 
analysis, solving integral equations etc. 

A set of block pulse functions, comprised of m equal 
width component functions, in the semi-open interval te [0, 
T) is defined as 


1 ih<t< (i+1)h 
y(t) = 9 ) 
O otherwise 


where, i = 0, 1, 2,........ , (m-1) and the width of each 
block pulse function is h=T/m. 

Any function f(t) which is square integrable in the interval 
[0, T), can be expanded via a block pulse series as 


f(t) = dow =CoWo FCW, +... FEW H... 
l: 
=C" Wilt) (5) 


where Cy, Cj, ...5C, ... etc are the coefficients of the block 
pulse series to be determined from the equation 


1p Dh 
Q= =f SO) lede (6) 
hd ih 


TV. GENERALIZED BLOCK PULSE FUNCTIONS (GBPF) 
AND THEIR REPRESENTATION [4-6] 


The generalized block pulse functions are defined as 


l, ttSt<tet 
yt) = 
0, elsewhere 
where, width of the i-th block pulse 1s (ti1-t)) = hy (say) 


Figure 1 represents a set of 4 GBPFs [4, 5] with unit 
amplitude and different widths h, (i=0, 1, 2 ... m1). The 
nomenclature used until now in the literature has not 


been able to characterize a particular 


P(t) 


Y) 


hothi+ha 


P3(t) 





hO+h1+h2+h3 = T 


t —> 


Figure 1: A set of generalized block pulse functions [4] 


member of the GBPF set in a unique manner. From figure 1, it 
is observed that there are three characterizing properties [6] of 
any member of a GBPF set. These are: 
(i) The distance of the member from the origin. 
(ii) The width of the member 
(iii) The total time interval under consideration. 
These three properties can represent any member of the 

GBPF set uniquely, Thus, the i-th member of the GBPF set can 
be represented as 


i-l i 
l, È h. <t< Zh. 
i=0 l. i=0 ! 


h. É alet bJ h. = 
vil ghh 2h; 


0 elsewhere 
(7) 


where the argument of y, representsThe distance of y, 
from the origin, i.e. 
i—i 


È h, 

i=0 1 
and when i=0, the summation is assumed to be zero, 
indicating a zero delay of Wo from the origin. 


(i) The width of y,(=hi); 
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(ii) The total time interval T under 
consideration, i.e. j 


For expansion of a square integrable function f(t) in GBPF 
domain the i * GBPF coefficient c, is determined by the 
following relation. 


0 


È hj 

#0 
c= Ih, J f(t) y,(t) dt (8) 

i] 

>, hj 

0 


wet 


V. THE PROPOSED DERIVATIVE CONCEPT 


If we want to use generalized (i.e., unequal width) block 
pulse functions for function approximation, it seems to be'a 
reasonable strategy to use derivatives of the function to be 
approximated. The proposed approach is somewhat ad hoc in 
manner and is based upon computation of derivatives of the 
function to be expanded via GBPF. That is, the widths of the 
block pulses depend upon the ‘trends’ of the function in 
different regions along the time scale. 

- First of all, the derivative of the function f(t) is 
computed at t=0. Let us call this £(0). Then, with the slope 
f(0), we form a ramp function of the form 


{tf(0) + Cy} 
where C,=f(0). 


Now we check the difference between the function f(t) and the 
above ramp function for different values of t along the time 
scale. When the magnitude of the difference of [f(t) ~ {tf(0) + 
C;}] exceeds some predefined value £ (say), we stop at that 
time value (say, to) and call it the first sub-interval ho. 

Now we repeat the process, as shown in fig. 2, and 
compute f (to) to form a different ramp function 


{tf (ta) + Ca} 
where Cp = fit). 


ft) 





Fig. 2 : The derivative concept shown for a function f(t). 


Again, we check the difference between the function f(t) 
and the ramp function {tf (to) + C2} for different values of t. 
When the magnitude of the difference of [ f(t) ~ (fto) + Co} 
} exceeds £g, we stop at that time value t; (say) and call (t)-to) 
the sub-interval h;. : 

Proceeding in this manner, we cover the whole time 
zone (say, T) under consideration and thus are able to find out 
all the generalized BPF sub-intervals ho, hy, ..., hy, ... hem- < A 
point to be noted is, the value of m, that is, the number of sub- 
intervals, is finally determined from the above strategy. 
Knowing the values of different sub-intervals ho, hy, ..., hy ... 
hm-1) , the related GBPF coefficients can be determined from 
equation (8). 


VI. SPECIAL CASES 


VIA. Step Function Approximation : As the derivative of the 


. step function is zero, it is obvious that this function should be 


approximated by equal width block pulses (using one block 
pulse or more). In this case, MISE is always zero. 


VIB. Ramp function approximation : Consider a unit ramp 
function approximated via equal width BPF. Let the interval 
under consideration be [0, T) and the number of component 
BPF’s be m. Then, MISE is obtained as 


nel 
MISE= ur Et) -Zo OP dt = T/12m? (9) 


Thus, we see that for such approximation, MISE is inversely 
proportional to the square of the number of block pulses 
employed for the expansion. As we increase the number of 
BPF’s, MISE tends to decrease rapidly. 


VIE. THE DERIVATIVE BASED APPROACH : 
ALGORITHM 
1. Start. 


‘2. Compute the derivative f(t) of the function to be 
approximated, 
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3. Choose a set value £e on ad hoc basis. 


4, Multiply the derivative value with t (and any intercept 
value C, as required) and compare it with the function 
value f(t) at t. 


5. Go on repeating step 4 with small increments in t 
until the magnitude of the difference between [t 
f'(t)+C] and f(t) crosses the predefined set value £ at 
time to (say). Stop and declare that hy=ty. 


6. Start from t=tp and repeat step 4 to find out t}, where 
the compared value again crosses the predefined 
value e . Then declare hy=t)-to. 


7. Go on repeating step 4 until the total time interval is 
covered. That is 


m-l 
Phet 


8. Compute the GBPF coefficients considering the 
generalized time intervals hy, hj, hz ....etc, using the 
following formula 


i 
È hy 
0 


c= Ih, J f(t) y(t) dt 


Vill. CASE STUDIES 


The algorithm was tested for two functions. The first is a 
unit amplitude sine wave from 0 to x. The time interval chosen 
was T = | second. With e = 0.01, the method resulted in 
twelve sub-intervals, that is m = 12, and with the sub-intervals 
computed via this algorithm, the MISE for the GBPF 
approximated sine function turned out to be 4.273906E-03. 

With equal-width BPF and m=12, the MISE was found to 
be 2.847905E-03. It is noted that the algorithm fails to come 
up with an MISE less than that obtained via conventional 
analysis. This is not surprising because the proposed method. is 
based upon an ad hoc approach with regards to the value of € 


As a second example, we chose the function f(t) = I-exp(- 
t). With e = 0.008, the MISE via GBPF analysis turned out to 
be 9 912886E-04, with m=6. With this computed m, the 
conventional'analysis resulted in an MISE = 9.97997E-04. 


IX. CONCLUSION 


Since the present work is basically an ad hoc method it can 
not be claimed that this method will work successfully for all 
functions of square integrable nature. We have considered only 
two cases to prove our point, but it needs deeper investigation 
with different types of functions to establish the usefulness of 
the method for majority of functions. Another point to be 
mentioned is, the algorithm, while computing the widths of 
different sub-intervals, covered a time period very close to T = 
1 s, but not exactly equal to 1s. This obviously has introduced 
slight error in the computation of MISE. If the program can be 
modified to take care of this drawback, the GBPF based result 
may be further improved. 

The present work may be extended by employing a 
microprocessor for implementing this algorithm using any on- 
line signal and the MISE may be estimated and compared with 
conventional BPF expansion. 
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Abstract— Detection the cause of over current in power system 
network carricd out at different means is absolutely essential to 
enhance the system reliability and to maintain continuity of 
supply. Unexpected over current causes serious problems for 
generation, transmission as well as distribution system. The 
primary reasons for over current are basically of two types viz. 
overload condition and/or fault condition. Here a simulation 
study has ben carried out to detect the Cause of Over Current in 
Power System Network Using Real Time Digital Simulation 


Key Words—Real Time Digital Simulation (RTDS), Different 
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I INTRODUCTION 


HE main purpose of electrical power system is to 

efficiently generate, transmit and distribute electrical 

energy. The need of steady power supply with minimum 
power interruption and fast supply restoration has also 
increased. After design and before implementation of a new 
system simulation is required to study the system performance 
under normal and abnormal condition. In this paper we are 
going to detect the cause of over current created in the 
electrical network by analysis of harmonic component and 
sequence current. Real Time Digital Simulation (RTDS) 
software is powerful simulating software using worldwide for 
simulating power system and electric.’ machine [1]. RTDS 
technologies was established and incorporated in Manitoba, 
Canada [2]. RTDS simulator is the hardware containing the 
processing and communicating devices performing simulation 
and RSCAD 1s the set of software modules which performs 
the graphical user interface to the RTDS. RSCAD represents a 
family of software tools consisting of individual modules that 
accomplish different tasks involved in operating the 
simulation. Through RSCAD the user can organize a project 
case, assemble circuit diagram using predefined and user 
defined power and control system component models and 
analyze the simulated result. Many high-speed processors are 
utilized in RTDS in parallel in order to realize and maintain 
required computational rates. RTDS cubicle can have many 
types of processor cards (WIF, 3PC,GPC, IRC, DIO, DOPTO) 
may be installed in each rack. As it is online simulation so we 


can monitor current, voltage, real power, reactive power, 
frequency during runtime and we can set all parameter 
according our requirement. 


H. SIMULATION HARDWIRE 


Analogue simulators use scaled down linear 
models of system elements, whereas a digital simulator 
models these same system elements, by solving the linear or 
nonlinear mathematical equations which describe the 
elements’ dynamic behavior. To run an electromagnetic 
transient study a time step of approximately 50ps is required. 
A true system may require hundreds of millions of floating 
point operations per second (MFLOPS) to solve all the 
necessary equations at least once in a single time step. The 
most powerful computer workstations available today can min 
at only a few MFLOPS on an intermittent basis. Thus a 
special purpose device is required which uses parallel 
processing techniques capable of very high speed floating 
point arithmetic. The RTDS is made up of several standard 
cards viz GIGA Processor Card(GPC),Triple Processor Card 
(3PC), one inter-rack communication card (IRC) and one 
workstation interface card (WIC), Digital Input output Card 
(DOPTO), High precision analog Input Card (OADC) [2]. 
Any one rack can directly communicate with four other racks. 
Since there are only three types of card, and programmable 
VLSI devices are used to construct the cards, the cost of the 
RTDS is much less than for an analogue simulator of similar 
capability. This is a versatility which an analogue simulator 
cannot match, Each card is equipped with a 
processor capable of up to many MFLOPS. It also 
has hardware to allow interfacing to external 
signals. Analogue channels can be selected to 
monitor variables being computed on that card 
and these channels can be scaled on-line to suit 
the external device. An input channel can also accept a 
logic signal such as the closing of the test relay contacts to 
trigger breaker opening. relay under test The IRC card 
transfers data generated on its rack to other connected racks 
which need this information For the next time step. Transfer 
of information takes place at 500 Mhz. The WIC deals with 
the communication between the RTDS and the host computer 
network over an ethernet communication link. The data 
transfer rate is 10 Mhz. The WIC is not only involved in the 


269 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


real time simulation but deals with the downloading of the 
case prior to the run. The RTDS for this study occupies one 
rack in the simulator cubicle.. 


M. SIMULATION SOFTWARE 

The user interface to the RTDS 1s via the host workstation on 
which various high level software routines viz RSCAD are 
available to set up, run and analyze a case. RSCAD provides 
the ability to set up simulations, control, and modify system 
parameters during a simulation, data acquisition, and result 
analysis. The modules of RSCAD Software Suite include: 
FileManager, Draft, Thine, Cable, RunTime and MultiPlot. 
Figure Í is a “screen dump" from the host workstation of a 
system being assembled for another study using the input 
graphics routine called "DRAFT". The screen is divided into a 
right ‘menu’ or component selection area containing eons 
representing all of the system elements which have been 
coded for the real time simulator, and an area on the left 
where the system is being assembled. With the aid of a mouse 
any desired component can be selected and dragged into the 
left area to be connected at the desired location. There are 
many more Icons available than are shown on the screen and 
again the complete menu can be examined by using the mouse 
in the right hand window to scroll up and down, left and right. 
When a particular Icon is incorporated in the curcuit diagram 
the user is prompted on the screen to supply the necessary 
data for software. the item in question. Although only a 
portion of the entire circuit is visible on the screen, one can 
move around the whole circuit by scrolling with the mouse. 
When the compiler has completed its task the case is run up 


TV. SIMULATION 
In this figure there is a generator delivering 33kv to the 
generator bus. The generator bus is connected to a 
transmission line having length 100km. At the end of 
transmission line there ıs a distmbution transformer, which 
transform 33kv to llkv. At 1Jkv bus an induction machine is 
connected. We can set all possible parameter relating to 
induction machine, generator and transformer according to 
our requirement using RTDS. Let us assume there is an over 
current at receiving end bus. This situation may occur mainly 
due to two reasons, firstly due to overloading of induction 
machine, and secondly due to L-G, L-L, or L-L-G fault. With 
the help of Real Time Digital Simulation (RTDS), we will 
find out the actual cause of over current. 
The block diagram of induction machine connected at 
receiving end ıs shown in fig.-2.and the parameter-monitoring 
table 1s shown in fig.-3. This table indicates that we can 
monitor all possible parameter. 


V. PROCEDURE TO DETECT THE CAUSE 
OF OVERCURRENT 


During overload condition current will increase largely but 
there will be no phase imbalance but during fault condition 
phase imbalance will occur. Using REAL TIME DIGITAL 
SIMULATION we can simulate the result of over current and 
fault condition and from the result we can detect the cause of 
over current. At first we will measure phase current-of 
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Fig.- 2, > Block diagram of induction machine 
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Fig.- 3, Parameter monitoring of induction machine 


induction machine during normal condition and this is shown 
graphically in the fig.4. From the figure it 1s obvious that 
phase current are balanced. During overload condition current 
will increase largely but there will be no phase imbalance and 
it is shown in fig.-5.We have increased mechanical load of 
induction machine. As a result current has increased from 
0 98 KA to 1.25 KA. We have simulated L-L and L-L-L fault. 
In first case fault has occurred between phase A & phase B 
and the fault current ıs shown in fig.-6. During fault A-phase 
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current is reverse of B-phase current and it is 6.2 KA. So 
there is a phase imbalance here. 
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Fig.-7, Phase current of induction machine during L-L-L fault. 


Table | gives the result of over Current in Power System 
Network due to different fault conditions as obtained using 
RTDS. 
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Fig.-5, Phase current of induction machine at overload condition. 


In second case fault has occurred between phase A, phase B 
and phase C. The fault current is shown in fig.-7. During fault 
condition currents at different phases are totally unbalanced. 
So phase imbalance must be created during fault condition. Table 1: Results at different fault condition 


Proceeding of International Conference MS’07, India, December 3-5, 2007 
VI.CONCLUSION 


The following are the major inferences may be made . 

1. The cause of over current in a particular busber can 
be detected whether it 1s due to overload or fault 
situation. 

2. The type of fault occurred can also be detected with 
the help of this RTDS power system simulating 
software. 

3. Sequence component tool can also be utilized to 
categorise the fault or healthy condition. 

4. Using DOPTO card different protection schemes can 
be adopted depending on the type of faults and 
simulation result can be visualised. 
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Abstract Discrete Event Systems are identified as systems 
which may change state over time, based on current state and 
state-transition rules, and where each state is separated from its 
neighbor by a step rather than a continuum of intermediate 
infinitesimal states. Often falling into this classification are 
information systems, operating systems, networking protocols, 
banking systems, business processes and telecommunications 
systems. Fuzzy Petri nets replaces conventional Petri nets for 
modeling Discrete Event Systems for better representation and 
description. This paper identifies logic for translation of fuzzy 
Petri net formalism for ladder code generation. The methodology 
derived from the analog operations available in a Siemens PLC 
and it can be shown from the results that the logic is universal 
and is applicable over all Programmable Logic Controllers. 


Key words—Fuzzy Petri nets, Ladder Logic Diagrams, 
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I. INTRODUCTION 


DS Event Systems present a challenging option to 
controller synthesis because they exhibit properties of 
concurrency, hybrid and sometimes, uncertainty. Hence, it is 
important to streamline the understanding of the flow of events 
in a Discrete Event System [1] and accordingly devise a 
controller. Fuzzy Petri net (FPN) [2] helps in handling the 
modeling of DES inclusive of uncertainties and vagueness. [3], 
[4] explains some typical framework for using FPN. The 
controller is synthesized from the model using supervisory 
contro] theory suggested in [5]. If the selected DES is in 
manufacturing or process contro! domain, then the controller is 
exercised through Programmable Logic Controller (PLC). 
PLC is an electronic device capable of executing decisions in 
sequential manner as programmed. [6] — [8] gives some of the 
application and issues arising out of implementation of 
controllers using PLC. The approaches followed in the 
literature can be consolidated as in Figure 1. Unfortunately, 
this approach 1s met with difficulties as listed, for example, in 
[6]. [7] approaches the design in a different way by providing 
a translation from Petri nets to Ladder Logic Programming for 
PLC. Since Petri net is insufficient to handle the mapping of 
DES into a model [3], FPN is chosen for modeling. When FPN 


is chosen, the translation stated in [7] becomes invalid. This 
paper provides a valid translation for such cases with 
justification. 











Process Modeling 
{Us ing Fuzzy 
approach} 


Modea Evaluation 


Properties 
sats fiad? 


Ladder Coda 
Generation 









Fig.1. Approach to Controller design m FMS as DES. 


II. FPN TO LLD CONVERSION 


A. Fuzzy Petri nets 


d3 
dz AH 
pz 


Fig.2. Fuzzy Petri net formalism 


The graphical representation of Fuzzy Petri net is in Figure 
2. Here, place p represents a proposition, transition t 
represents a fuzzy rule, arcs represent the relationship between 
a proposition and a rule and a token value is a truth state of the 


t 
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proposition represents a fact. u corresponds certainty factor 
which will determine the final truth value of the proposition. 4 
is the threshold value for the transition. If the result operation 
between two truth values d; and d falls below the threshold, 
then the transition will not fire. The weights for the proposition 
of the model, the backward reasoning algorithm using this 
FPN model, membership functions for the model are discussed 
in [9], [4], [11] respectively. 


B. FPN formalisms 


The rule tin FPN is of the form: 
_ TF A is A, (fora time of T;) and B is B, THEN C is C; (after 
: time T,). 

This is a simple but important statement that needs to be 
. understood clearly. Let us take the statement per se. The 
antecedent combines two conditions and the consequent is 
based on the result of these two conditions of antecedent. The 
question is what is meant by combining antecedents to map 
consequents. The logic that is likely to be used for deducing 
‘such combination in fuzzy is generalized into four forms for 
FPN in [11]. 


C. Translation of FPN into LLD 


The logic of translation of FPN into LLD is listed in Table 
1. [11] is used as reference for different types of rule structures 
provided. u, is used as a multiplier or as a threshold in 
different formalisms. Accordingly the logic may have to be 
adjusted in the operator as a compare operator like |q instead 
of |*| as indicated here. In fact, in LLD parlance, the symbol|*| 
does not exist. For this work, it is unlikely a threshold will be 
introduced (value assigned is zero) and the symbol }*| is only 
indicative. The max and min operations are to be achieved by 
using sorting process as presently there is no provision for 
such logic in PLC. © ` 


D.Translation logic 
Let Type | rule be considered for implementation. The case 


illustrates a set of inputs d),, d,z dj... dj, represented-logical - 


AND operation. Conventional AND logic states that the output 
is true when all inputs are true. Translated into fuzzy relation 
(mamdani), the output will be the minimum of all input values. 


When the fuzzified input values are available, they are fed into . 


the table in descending order. Then using sorting operation, 
the least value of the set. is taken out for output. The, box 
„indicating min operation is in fact a combination of two 


operations here: Table and Sort operators. The output can be . 


normalized with an associated weight z, as the multiplication 
factor. Table and Sort algorithms can be written as subroutines 
to be accessed. 


IO. IMPLEMENTATION í 


The first proposition (Type 1 rule) is taken for illustrative 
example for implementation. It is stated as follows: 
Type 1: If dı AND dz, THEN d; , 
In general, if we can deduce the logic for logical AND and 
logical OR, then ıt will be possible to execute all types of 


rules. Type | stands for the execution of logical AND 
operation. The implementation of continuous fuzzy operation 
is possible if only if the Programmable Logic Controller has an 
analog extension module. All the instructions that are followed 
in this paper correspond to Siemens CPU226, EM231/232 and 
Step 7 V4.0 software. The case considered is for two inputs 
only and hence illustrated here with the program statement. 
Since only two values are received as inputs, they are stores at 
AIWO and ATW2 using the MOVE instruction. They they are 
compared and the result is movedto the location AQWO. 





Figure 3. Implementation of AND logic using LLD (Rung 1) 


The truth values d; and dz of place p; and pz are represented by 
inputs ATWO and AIW2 respectively in word format. The 
input truth values are, stored in ACO and ACI which are 
accumulator registers. The compare instruction compares the 
values and if. ACO is greater than ACI, then the value in ACI 
is moved to the output register AQWO. If not, the following 
line of the program will provide ACO as the output. Thus, the 
AND logic is simulated by’‘converting the fuzzy Petr net 
model into a ladder logic program using the instructions 
available in the PLC instruction set [12]. 

100 





Figure 4. Implementation of AND logic using LLD (Rung 2) 


The threshold is assumed to be zero. If any other threshold 
value is to be provided, another compare instruction can be 
introduced between the output and the result value. 10.0 is used 
as the enable switch for the operation. In a similar manner, the 
logic for rest of the types in the Table can be implemented. 


: IV. CONCLUSION 


. The conversion of fuzzy Petri net formalism into ladder 
logic program for implementation in Programmable Logic 
Controller is suggested. It was implemented in Siemens S7 200 
CPU226 PLC with analog modules EM231/232. The 
advantage of the ‘suggested method is that it can be 


` implemented using the simplest of PLC programming 


language. The possible drawback is the inconsistency of 
instructions across various manufacturers which may alter the 
implementation logic, 
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Table 1. Type of Fuzzy Logical Formalisms and suggested LLD Translation 


S.No. Logical Formalism Fuzzy Petri net Formalism Suggested LLD 
Translation 


Type 4 rule: Rules of this type are 


normally unsuitable for 
control as they do not 
ha fi 
If d, THEN dyor dyz) e a are 
Hence not pursued. 
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Abstract— Production of the desired shape is a significant part of 
the manufacturing process but the process is substantially 
nonlinear and mathematical model is very difficult to obtain. In 
this paper an attempt is made to show how to inter-relate the 
metal forming process parameters and optimize the input 
parameters (e.g. different types of forces) by adopting fuzzy logic. 
The inter-relation is done, by developing the fuzzy patches 
between input and output (product geometry) parameters and 
from there, the optimum process parameters can be computed. A 
method for determining the working conditions in the deep- 
drawing process by combining a method of optimization and 
Finite Element simulation is also included in this study. 


Key words-~ Optimization; Metal forming process, Fuzzy logic, 
Simulation 


I. INTRODUCTION 


T forming processes the desired shape and size of an object 
are obtained through plastic deformation of materials. This 
is a-very economical process as the desired shape, size and 
finish can be obtained without any significant loss of materials. 
Moréover apart of the input energy is fruitfully utilized in 
improving the strength of the product through work hardening 
‘{1). Deformation processes: exploits a remarkable property of 
metals — their. ability” to flow physically in the solid state 
i without “deterioration {öf ‘properties. By simply moving the 
N material: ta,” the desired} shape, as opposed to removing the 
* unwanted.. fegions, there’ is little or no waste. The required 
forces however are often’ high. But the main problem involved 
in metal forming process: is to predict the most suitable 
, quantities: .of the process parameters which will produce the 
most satisfactory outcome. ` 

Fuzzy logic is the most classical soft computing mathematical 
tool, that trades off between the imprecision and uncertainty on 
one hand and ‘low solution cost, tractability and robustness on 
E the other. Fuzzy logic uses the whole interval between 0 





(False) and | (True) to describe any process parameters [2]. It 
is a system of logic developed for representing conditions that 
deal with degrees of membership and degrees of truth (cannot 
be easily described by the binary terms true and false). Fuzzy 
logic is determined as a set of mathematical principles for 
knowledge representation based on degree of membership. 
Thus, fuzzy logic is a very suitable solution to predict and 
optimize the process parameters in metal forming process in 
order to obtain the desired product geometry. 


H. FEM SIMULATION 


To complete the scheme for the development of finite element 
simulation, a preprocessor and a universal post processor 
development work is going on. A typical post processor 
developed in this project is shown in Figure 1. 


a ae a m, aa ae S 


EFM Analysis» e quer aan n ra 3 me Mapu Fi Ea tA 


Dat Nee 


Force: [3410475 


Wo otsto. FT — 
| 


Figure | Development of a post processor for metal forming 
process. 
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I. METAL FORMING PROCESS 


Metal forming process can be defined as a process in which 
plastic deformation of material takes place when the applied 
stress level exceeds a certain limit defined as yield stress. The 
stresses induced during the process are greater than the yield 
strength, but less than the fracture of the material. we 

The typical forming processes are rolling, forging, drawing, 
deep drawing, bending and extrusion. 


Variables involved in metal forming process 

In general forming processes tend to be complex systems 
consisting of independent variables, dependent variables, and 
independent-dependent interrelations. 

Independent variables are those aspects of the process which 
are generally selected or specified when setting up the process. 
Some of the independent variables are starting material, 
starting work piece geometry, tool or die geometry, starting 
temperature, speed of operation, amount of deformation etc. 
After the deformation, the independent variables are specified 
and the process then determines the nature and values for a 
second set of variables known as dependent variables. 
Examples of these include forces and power requirements 
(also known as input parameters), material properties of the 
product, exit temperature, surface finish and precision (also 
known as output parameters), the nature of material flow etc. 


FV. GENERAL APPROACH IN FUZZY LOGIC 


Membership Function 

The set of elements that have 4 non-zero membership is called 
the support of the fuzzy set. The function that ties a number to 
each element x of the universe is called the membership 
function p(x). There are'two alternative ways to represent a 
membership function in a computer, continuous or discrete. In 
the continuous form, the membership function is a 
mathematical function, possibly a program, which is used in 
this study. A membership function is for example may be bell- 
shaped (also called a [] curve), s-shaped (called an s curve), a 
reverse s-curve (called z curve), triangular, or trapezoidal. In 


this method membership function of each process parameters 


are plotted within the interval of 0 to 1.In the discrete form the 
membership function and the universe are discrete points in a 
list (vector). Sometimes it can be more convenient with a 


`=- sampled (discrete) representation. 


© Fuzzy modeling A 


General approach in fuzzy modeling is to define the variables 


of relevance (in metal forming process which are called input 
and output process parameters) and define the subset intervals 
(Small - Medium, or Negative - Positive, or Left — Right). 
From there, shapes and the positions of fuzzy subsets therefore 
membership functions are chosen, through which fuzzy rules 
(if-then rules) are implemented. 

The possible dependencies of the process parameters in metal 
forming process can be represented by the pattern recognition 
and classification shown in figure 2. 


8 






Figure 2 Pattern recognition and classification 


Curve fitting procedure 

Standard mathematical procedure of curve fitting results in a 
more or less acceptable solution. It is usually done by using 
fuzzy rules (patches). An increase in a number of rules 
increases the precision at the cost of a computation time 
needed to process more. rules. This is the most classical soft 


‘computing dilemma that trades off between the imprecision 


and uncertainty on one Hand and low solution cost, tractability 
and robustness on the other. A function covered by’ three 
patches produced by IF-THEN rules and modeled by two 
possible approximations (dashed and dotted curves) 1s shown 
in figure 3 by a solid line. 


Membership functon 


Process parameter 


Figure 3 Standard mathematical curve fitting 
In this paper polynomial regression fits data to the equation 
given below, : 


YaA+BX+C0X2 4 0.X94E. x4 p 
here, Y ıs membership function, X is process parameter and 
A, B, C... are constants. 
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"W, CONTROL STRATEGY 


Fuzzy logic may. be considered as an assortment of decision- 
makings. The algorithm’s outcome is ruled by a number of key 
decisions which are made in the algorithm. An extensive 
knowledge of the system is required to define the best 
decision. For the present project the problem is decomposed 
into a number of possible decisions by associating fuzzy logic 
functions with predefined input and output. The accuracy of 
the system depends on how many functions and how many 
rules are implemented. For example, in deep drawing process 
the most interesting thing is that fuzzy logic enables better 
optimization of the presence of strong disturbances (non- 
linearity) and the time varying parameters of the process. 

The fuzzy-program includes three stages [3], Input processing 
(Fuzzification),; Control algorithms (Inference); Output 
processing (Defuzzification). 


Control algorithm 
The algorithm of the control program is shown i in figure 4 


s = 







Calculate fuzzy memberstup of input parameter 


Using fuzzy membership 
And the corresponding 
output parameters 










If output 
paraneters are m 
desired tnit 


Reget 
parameter 





Stop 


Figure 4 Algorithm used in the program for the prediction of 
optimized process parameters 


Control description 
The control program reads the input process parameters sent 
by simulation computer. In each simulation time step the 


control program calculates the desired output for that step and 
then draws fuzzy triangles for both output and input 
parameters against the membership function shown in figure 5. 
Each time these functions are used as inputs for the fuzzy 
module. The control program calls the fuzzy module which 
calculates optimized input to ensure the desired output for that 
step. At the same time output parameter of the fuzzy module 
are sent to the simulation compusi to start the next simulation 
step. 


Membership function 





S Process parameter 


Figure 5 Adjectives of the consequent 


The control is implemented by fuzzy PI. The classic PID 
control is défmed by the error, its increments and its rates of 


, integration in the following way [4, 5}: 


e(n) = r(n)— y(n) 
Ae(n) = e(n) — e(n — 1) 


u(n) = K,-e(n) + Kp Ae(n) + K’ S em) 
m0 


The increment of the output signal is, 
Au(n) = uQi) — u(n— i 


Au(n) = Kp Ae(n)+K „A eln) + K,-e(") 
Then in the fuzzy PI control the antecedents are e(n) and Ae(n) 
and the fuzzy output is Au(n). 


VI. PREDICTION AND OPTIMIZATION OF PROCESS 
PARAMETERS IN DEEP DRAWING PREOCESS 


Deep drawing (shown in figure 5) is a process in which a blank 
is forced into or through a die by a punch to form a hollow 
component that has essentially the same thickness as the 
original material. The most critical region of a deep drawn cup 
is the flange because of the circumferential stresses involved. 
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Blankholder 





Figure 5 Die blank-holders and punch geometry 

-In deep drawing process, optimization of punch force and 
blank holder force is mandatory to ensure uniform thickness 
distribution throughout the drawn cup. Thus in this study 
punch force & blank holding force are considered as input 
variables and sheet thickness is considered as output variable. 


Mathematical relationships 


F=o6, (e""®) 2n Rp t 
E = 107 c[(DR— pt oe a] 


6, =p Py/ nrn t+2 k In(r,/ Rg) 
Pu=B Tr K 


Computation software 

Optimization software has been developed and interfaced with 
the preprocessor of the FEM scheme. 

In this software, at first the range of the desired sheet thickness 
(in mm) is given as input as shown in figure 6. The software 
then determines the membership function for each thickness 
within the desired range and automatically plots the thickness 
vs membership function, which is a triangular shaped curve as 
shown in figure 7. It can also set the best fitted polynomial 
curve with the triangle and can generate the governing 
equation of the polynomial curve. 

Similarly, using the above equations, the software then 
calculates the corresponding punch force & blank holding 
force and plot membership function against punch force and 
blank holding force. 


Based on figure 4, algorithm is set in the program and the 
decisions are made using the polynomial equations shown in 
figure 7, 8 & 9. Figure 10 shows the calculation of the 
thickness based on optimized punch and blank holding force. 
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Memberstnp Function (y) 


IX. NOMENCLATURE 
a time instant 
e(n) objective function error 
674 676 678 680 632 6% 636 638 tn target objécnive Tupetipn ei ale 
Blank Holding Force, KN (Pq) . y(n) objective function value in 7 instant 
Figure 9 Blank holding force vs Membership function 4e(n) change rate of error 
u(n) control output ‘ 
change rate of control output 
proportional gain 
differential gain 
integral gain 
. punch force 
blank holder pressure 
an empirical factor ranging from 2 to 3 
` draw ratio (draw depth/punch diameter) 
blank diameter d 
ultimate tensile strength 
radial stress 
radius of the die 
empirical factor ranging from .02 - .08 
shear yield stress 
friction co-efficient (lets take 0.1) 
. radius of the punch 








thickness of the sheet 
f : F : radius of job 
Figure 10 Thickness calculation window © tp punch corner radius, 
Ta die corner radius, 


VII. CONCLUSION Oy akti, 


In metal forming process the required geometric shape and ç clearance 
structure can be achieved by successful implementation of 
fuzzy. logic, no matter how nonlinear the process is. But the 
problem that may arise is that, increasing the number of inputs 
increases the number of rules & computation . time 
exponentially. Another major problem is the right choice of 
the variables. Successful implementation of. fuzzy logic 
provides highly precision metal forming process. With the 
possibility of directly sensing work piece conditions during 
forming operations, it is conceivable that these measurements . 
could be fed back to the metal-forming equipment for. 
computer control of the forming equipment, thereby enabling 
real-time compensation for variations in initial work piece and 
equipment conditions. 
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Abstract— The main objective of plantation is to produce 
maximum amount of fruit in any fields. By observing, the growth 
of initial stage, it is very difficult to ascertain the amount of fruits( 
in terms of seeds weight) of a mustard plant at maturity. The 
seeds weight of mustard plant at maturity dependent on some 
parameters of that plant, these are shoot length, number of leaves, 
number of roots and roots length etc. As the plant is growing, 
some leaves may be fall down and some new leaves may come, so 
it can not gives the idea to develop the relationship with the seeds 
weight at mature stage of that plant. It is not possible to find the 
number of roots and root length of mustard plant at growing 
stage, that will be harmful of this plant as roots goes deeper to 
deeper inside the land. Only the value of shoot length which 
increases in course of time can be measured at different time 
instances. As the growth of the plant is very uncertain, fuzzy 
environment can be considered for the prediction of Shoot length 
at maturity of the plant. Fuzzification plays a greater role for 
fuzzification of data, which is based on certain membership 
functions. Here an effort has been made to fuzzify the original 
data based on gaussian function, triangular function, and s- 
fonction . After that all fuzzified data are defuzzified to get 
normal form. Finally the error analysis(calculation of forecasting 
error and average error) indicates the membership function 
appropriate for fuzzification of data and use to predict the shoot 
length at maturity. 


Key words— Fuzzification, defuzzification, gaussian function, 
triangular function, trapezoidal function, membership function 


1 INTRODUCTION 


N the modern world, the activities of agriculture have a 

major role in the field of economy of the state as well as a 
of the country. But uncertainty exists in all the activities of 
agriculture. The farmer can not predict the amount of seeds to 
be produced at maturity of plants which they cultivate. 
Although, the amount of seeds of a plant at the stage of 
maturity depends on various parameter of that plant. Among 
them, the shoot length only gives the idea about the growth of 

the plant. It gives the idea whether the plant is healthy or 
not. If the plant is not growing healthy, it must be destroyed 
otherwise that should be protected. In this paper, an effort has 
been made to predict the growth of shoot length using the 


different fuzzy membership function and finally one of them is 
selected based on minimum error. 

In order to handle the fuzzy data, it is necessary to convert 
the actual data into fuzzy data based on certain membership 
functions. Here the three membership functions e.g. 
trapezoidal, gaussian triangular, S-shapped and L-shapped 
functions are used. Now it is necessary to find out which of 
these membership functions is suitable for this shoot length 
data 

A lot of research work has been carried out in the field of 
forecasting([1] - [5], [7] - [9], [11] - [14]), out of these certain 
work has been done using fuzzy logic ([1] - [5], [11] - [13). 
Research work using neural networks has been done((6], [8] - 
[10], [14}. Work in the field of genetic algorithm has been 
carried on ([16], [18], [23]. 

In the field of fuzzy logic, the fuzzification plays a greater < 
role. The work related to the type of membership function used 
for fuzzification has not been done in agriculture field so far, 
That is the reason for making this effort in this paper. 

A Statistical survey has been conducted by a group of 
certain agricultural personne! on different mustard plant under 
the supervision of Prof. Dilip dey, Bidhan Chandra Krishi 
Viswavidayalay West Bengal, India. The data for shoot length 
of the initial stage(growing stage) of the plant are also 
available, which are measured at different time instances(after 
an interval of 7 days, 14 days, 21 days, 28 days). The ultimate 
aim is to select a suitable membership in fuzzy mode] which 
gives minimum error and estimated which plant is growing as 
per desire standard . These plant must be protected other wise 
it is to be destroyed. In this paper the models of fuzzy time 
series with different membership function have been tested 
on a particular type mustard plant and based on error analysis 
(calculation of average error) that membership function with 
minimum error is selected and that will be the suitable 
membership function to estimated the growth of mustard 
plant. i 
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H. METHODOLOGY 


A. Fuzzy Systems. 


The characteristic function of a crisp set assigns a value of 
either ! or 0 to each individual in the universal set, thereby 
discriminating members and nonmembers of the crisp set 
under consideration. This function can be generalized such 
that the value assigned to the elements of the universal set fall 
within a specific range and indicate the membership grade of 
these elements in the set in question. Larger values denote 
higher degrees of set membership. Such a function is called a 
membership function and the set defined by it a fuzzy set. 

The range of values of membership functions is the unit 
interval [0, 1]. Here each membership function maps elements 
of a given universal set X, which is always a crisp set, into real 
numbers in (0, 1]. 

The membership function of a fuzzy set A is defined by A, 
A :X----> [0, 1]. 


B. Fuzzy Time Series 

Let YQ) (Ct =... rO D Qpdene ) , a subset of R' , be the 
universe discourse on which fuzzy sets fj () (i= I, 2, a...) 
are defined and F(t) 1s a collection of f1 (t) , f2 (0, ....... Then 
F(t) 1s called a Fuzzy Time Series defined on Y(t) (t=.... 0, 1, 
Deea) 


C. Functions for Fuzzification. 
A Gaussian membership function is defined by 
G(u:m,o)}=exp[-{(u-m)/ V20 ¥] 
Where the parameters m and o control the center and width 
of the membership function. A plot of the Gaussian 
membership function is presented if fig. 1.1 


1.0 


m 

figl.1. One typical form of the Gaussian function. 

The Triangular membership function with straight lines 
can formally be defined as follows: 


A(u.a,B,y)}=0 u<a 
= (u-a)/ (P-a) a<=u<=ß 
=( a - u)/( B-a) B<=u<=y 
=0 


One typical plot of the triangular membership function is 
given in fig 1.2 : i 
1.0 wie. wes 


Figl.2: One typical form of the Triangular membership 
function 


Trapezoidal Function Furnished in figure 2 
f(x, a, b,c,d) = 0 when x<aandx>d 
(x -a)/(b- a) whena <=x <b, 
1 when b<=x<=c 
(d -x)/ (d -c) when c<=x <=d 


0a b c d 
Fig 1.3 One typical form of the trapezoidal membership 
function 
S-shaped built-in membership function s-shaped built-in 
membership function 
S(u:a,B,y)=0 u<c 
=2[(u-a)/(y-a)P  a<u<=B 
=1-2{(uyty-a)]? Beu<=y 
=] u>y 
One typical form of the S-function is presented below 


1.0 


Oa B YF 


Fig 1.4 One typical form of the S-shapped membership 
function ; 

This function is the converse of the typical y -function. It 
can be mathematically expressed by 


Lana, B)=1 u<o 
= (a-uv(B-a) a<=u<=8 
=0 u>B 


One typical form of the L-function is presented in below 
1.0 


0 a B 
Fig 1.4 One typical form of the L-shapped membership 
function $ 

The generalized Bell function depends on three parameters 
a, b, and c as given by 

f(x:a,b,c)=1/(1+((x-c)/a)” 

where the parameter b is usually positive. The parameter c 
locates the center of the curve. 
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J 


Fig 1 5 One typical form of the Bell membership function 


D. Forecasting Error and Average Forecasting Error 


The forecasted error and average forecasting error are 
calculated using the formula :- 

Forecasting error = |(forecasted value - actual value )| / 
(actual value ) * 100 % 

Average forecasting error = (sum of forecasting errors) / 
(total no of errors). 


TI. IMPLEMENTATION 

Step |. 

The universe U is partitioned into five equal length(10) 
intervals, The intervals are chosen as ut = [10, 20], u2 = [21, 
30], u3 = [31, 40], u4 = [41, 50],u5 = [ 51, 60], ug=[61,70] 

Step 2. 

The available data are fuzzified based on gaussian function 
which is furnished in Table I given below :- 


Table I 
Actual Shoot Length and F 


Al | A2 A3 A4 A A 
5 6 












Actual 
Shoot 
Length 






| 19 |10 Too |oo | [00 [oo | Al | 
(24 foe Tio [o4 Too [oo [oo | ~a 

28 |0210 [os [oo [oo |oo | Az | 
| 33 foo |o7 [io [o3 foo foo | a3 | 
| 37 [0o jos fio [o7 [oo [oo | A3 | 
[4 |00 |oo [o9 |10 [o1 [00 | Ad | 
|35 |oo [oo |os [10 Tos joo | as 
|49 oo |oo for [io [o9 [oo | As 
[54 [oo |00 foo [o6 |10 |04 | AS | 
[57 |oo foo |oo [o3 |10 [o7 f as 
|59 _ [oo joo [oo Jor [10 foo | as 
|63 |oo joo |oo |oo [o7 |10 | A6 | 


S ; |oo |oo [00 [oo |04 |10 | A6 | 
tep 3. 

The historical knowledge from Table I about the evolution 
of the shoot length is obtained to set up the forecasting model. 
The available data are transformed into linguistic values. 

Using the symbols of Song and Chissom [ 3 ], all the fuzzy 
logical relationships from Table I are obtained as follows :- 

Table II 
Fuzzy Logical Relationships 
Al -—-->A2 A2 --->A2 A2 --->A3 A3 --—>A3 
A3 —--->A4 A4 —>A4 A4 —-->A5 A5 -—--->A5 
A5 ———>A6 A6 —->A6 
It is to note that the repeated relationships are counted for 





only once. 

Step 4. 

By definition a time-invariant fuzzy time series has been 
developed([1], [3), [5). 

Let us define an operator ' X ' of two vectors. Suppose C 
and B are row vectors of dimension m and D = (dij )=CT X 
B . Then the element dij of matrix D at row i and column j is 
defined as dij = min (C, B; ) (i, j = 1, sese , m) where Cj 
and Bj are the i-th and the j-th element of C and B 
respectively. 

Let Rj = Aj! X Ag, R= A2T X A2, R3=A2TX A3, 
R4=A3! X A3, Rs = A3! X Ag, R6 = Aq? X A4. R7 = 
A4T X As, Rg =A5T X A5, R9=A5TX_ A6, R]0=A6T 
X Ag. Now a relation matrix R has been formed as 
R(t,t-1) =R= U Rj (3) where U is the union operator. 

The value of R as follows:- 
10 06 02 


00 00 00 03 07 10 
Using R, the forecasting model is Aj = Aj 1, R where Aj - 
1 is the shoot length of reading i - 1 and Aj is the forecasted 
shoot length of reading i and'.’ is the max - min operator. 

Step 5. 

The forecasted output is interpreted which are all fuzzy sets. 
Now it has been translated into a regular number( 
defuzzification). The predicted values for the shoot length are 
furnished in Table II. 


Table M 
Output Fuzzy Value and Estimated Value 


Actual Shoot Output Fuzzy Value Estimated 
Lengi Value 
[06 1.0 090701 00 ] 
| 2 [T06 10 10 07 04 0.1 } 
(0.6 1.0 10 07 04 0.1 ] 
(0.6 0.7 1010 05 03 ] 

5 2 0. 








: | 30 
3 . O nS 
3 010 0. eo 

| at 1030.7 1010 07 06 1 | 40 

p45 o [02 07 091010 06 1 | 50 | 

9 | 10.2 05 071010 06 J] | 50 | 
| 54 0.1 03 071010 09 1 | 50 | 
yO. <2 

| 65 





57 
| 59 |00 03 030.610 1.0 7} 
(0.0 0.1 0.1 0.6 1010 ] 
| 66 10.0 00 01 0.6 0710} | 
[0.00.0 0004 0710 ] | 





Step 6. 

Finally the forecasted error and average forecasting error 
are calculated and furnished in Table IV. The average Error 
is 4.73 % Table IV 

Estimated Data and Error Based on Fuzzy Time Series 
using Gaussian function 


Enea Vie | o 
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Table -YH 
Estimated Data and Error Based on Fuzzy Time Series using L-shape 
member function 





Average Error 4.73 % 

The same effort has been applied using bell shaped, s- 
shaped, L shaped, trapezoidal, triangular membership 
functions. The results are as follows:- Average Error 6.30% 

Table -V 

Estimated Data and Error Based on Fuzzy Time Series using bell shaped 

member function 


Actual Value Estimated Exror(%) 
















a ey E eae Pan ees 
aes ee ee O 
Do acess SO ere ee ol 
i ee TES eee ee ee 
ae TEE ee ee ee 2 eee 731 
Oan de a ëġëEű 722 
EEN 
EE o O O ëy 
eee d A ee eer a 
E a ea 
E ee ee) 
Average Error te 6.23% Table -IX 
ent Sune e ‘ Estimated Data and Error Based on Fuzzy Time Series 


using Trapezoidal member function 





Estimated Data and Error Based on Fuzzy Time Series using S-shape 
member function i ii 

Actual Value Estimated Value Estimated error(%) 

| eee 
25 
30 = ess 
36 | 2700 
45 
57 





2.70 


7 ae 


| 169 S 
4.761 


3.30% 


.04 
40 
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IV. RESULT 


It is found that the average error for S-shape function gives the 
minimum error. Therefore the S-shape function has to be 
used for fuzzification for this data set. The output forecasted 
data based on S-shape function can be used for the estimate the 
shoot length of mustard plant. 


V. CONCLUSIONS 


In normal statistical method, prediction is based on 
available data. If certain error may exist in the actual data, that 
error data will enter into the model and as a result the 
prediction will not be accurate. The fuzzification plays a major 
role in handling the data in fuzzy environment. The 
fuzzification is based on certain membership function. The 
selection of a particular membership function depends on the 
nature of data value to be used. If the selected membership 
function ıs not proper, the put fuzzy data is wrong and'as a 
result the output fuzzy data(the data outputted from a 
mathematical model) will also be wrong and the defuzzified 
output data will be improper and error will be very high. Thus 
caution has to be needed for the selection of membership 
function. In future, the artificial neural network (ANN) base on 
the fuzzy input and Genetic Algorithm can be used to estimate 
error and based on the minimum error any of them can be 
selected to predict the shoot length of mustard plant 
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Abstract -The main objective of the combustion controller in a 
thermal power plant is to regulate fuel and air in proper ratio to 
maintain the desired steam pressure at the turbine inlet, 
irrespective of the changes in steam demand. The mathematical 
models hitherto developed for power plants are mostly too 
complicated to compute for control purposes. Moreover, the 
conventional fixed gain feed back control schemes have difficulty 
to cope with inherent time delay, nonlinearity due to uncertainty 
of the combustion process and frequent load changes. This paper 
deals with the design of behavior modeling approach to get the 
optimal PID controller parameters for the combustion control of 
utility boiler. Many steady state and dynamic behavioral 
responses in a thermal plant were analyzed for different load 
conditions. By integrating the steady state response obtained 
from the optimum PID parameters and knowledge of the 
experienced engineers, a fuzzy based air fuel ratio controller was 
designed for combustion control A lab scale experimental setap 
is fabricated in the laboratory for fuel and air contro] and tests 
were carried out for several load conditions. The dynamic 
changes of steam pressure, drum pressure, turbine first stage 
pressure and oxygen content in the flue gas due to load 
disturbance are derived from the computer simulated 
combustion system, The advantages of the proposed design upon 
the conventional controller are highlighted. 


Key words- Combustion control, Behavior modeling, Fuzzy 
control, Air/Fudi ratio. 


I. INTRODUCTION 


HE utility boilers are large capacity steam generators used 
purely for the electrical power generation. In a Thermal 
power station, steam is produced in a boiler, is expanded 
in the prime mover (Turbine) and condensed in a condenser 
- before feeding it into the boiler again. The turbine shaft is 
coupled with generator, which is used to produce electricity. 
The combustion system consist of airflow and the fuel flow 
control loops that are driven by the firing rate demand signal 
through master steam pressure controller. Conventional PID 
(Proportional—Integral—Derivative) controller is not generally 
suitable for non-linear, higher order, time delayed and 
complex systems that have no precise mathematical models. 
Further it needs frequent tuning, which is not an easy task and 
is also time consuming. Several methods of tuning were 
suggested for the PID controller schemes [1]. 


To cope with varying dynamics of the system, PID controllers 
have been evolved to include adaptive features such as gain 
scheduling and self-tuning [2]. During the last decade, extensive 
research has been done on adaptive control theory, methods and 
applications. Several researchers [3]-[5] developed dynamic 
models for boilers. The complexity involved in obtaining the 
reasonably accurate models is high. If assumptions were made 
to reduce complexity in obtaining models, it would yield 
degraded performance of controllers. In order to utilize the 
robustness of the fuzzy system and advantages of the PID 
controller, a behavior modeling approach has been proposed to 
get optimum PID parameters. Based on the response obtained 
from the PID controllers, fuzzy controllers are designed for fuel 
and air flow for combustion in utility boiler. 

The present paper is organized as follows: Section II deals 
with the design of behavior modeling approach to obtain 
optimum PID parameters for fuel and air controllers using 
fabricated hardware set up in the laboratory. Section MI 
describes the design of the proposed fuzzy scheme. Section IV 
deals with the closed loop simulation responses of fuzzy and 
PID schemes for fuel and air control and Section V gives the 
summary & conclusions. 


I. BEHAVIOR MODELING 


In the behavior modeling based approach, the control 
signals obtained from a controller are determined by response 
behaviors [6] of controlled objects, rather than by analytical 
models. Since the design strategy of PID and fuzzy controller 
depends only on the response behavior [7], it can yield similar 
control results irrespective of mathematical models. In the 
present work, many behavior responses for load vs. pressure, 
fuel flow and airflow with respect to steady states and dynamic 
states were obtained from thermal power plant during real time 
operation. The following are the responses for different 
operation conditions are obtained. 1) Behavior during boiler 
start up and shut down, 2) behavior during positive and negative 
change in ramp load from 10% to 70%. 3) The open loop 
behavior for negative and positive step change in loads. 4) The 
behavior of air and fuel flow to maintain desired turbine inlet 
pressure and also boiler drum pressure during sudden load 
change due to grid disturbance. 5) Behavior during one of the 
major auxiliaries fails. There are two feed water pumps to feed 
the water to the boiler drum and two forced draft fans to supply 
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required air flow to the boiler at full load. If any one fails there 
is an automatic reduction of load to 60% of maximum 
continuous rating to avoid tripping of boiler due to low drum 
level and low airflow. 7) Behavior during island mode (house 
load mode) operation to keep the station auxiliaries in running 
condition. 

After obtaining the behavior responses from power plant, 
real time simulations were carried out, by mimicking all the 
above-mentioned cases, on the lab scale experimental set-up 
for fuel and airflow. 


A. Lab scale experimental set-up 


In order to find out optimum PID controller parameters and 
also to carry out the closed loop studies of PID and fuzzy 
schemes for air and fuel flow, a lab scale experimental set-up 
is designed and fabricated The lab scale experimental set-up 
are shown in Fig. 1. 

The hardware design for the lab scale experimental set-up 
comprises of the oil pump, air compressor, rotameter, control 
valves, current to pressure (I/P) converter, differential pressure 
transmitter, orifice and pressure regulators. There are two 
distinct control loops for air and fuel control. 





Fig.1, Hardware for the Experimental set up. : 


The following algorithm is proposed for mimicking 
each behavior response. 


Step 1: Initialize K,,K,and K,, the Proportional, Integral 


and Differential gains respectively of PID controller for both 
fuel and air flow. 

Step 2: Conduct experiments and plot the response for one 
behavior for different load conditions. 

Step 3: Find out deviations between behavior 
experimental response at different sampling times. 

Step 4: Find average of all deviations. 


Step 5: Adjust K, K, and K; of the fuel and air controllers. 


Step 6: Repeat the experiment until deviations between 
behavior and experimental response become zero. 
Step 7: Note down the final value of K,,. K, and K, of the 


fuel and air controllers, which are taken as optimum PID 
parameters for particular behavior. 


and 


Sudden Load throw 
‘ | off to House Load 


Repeat the procedure for all the behaviors mentioned above. 
Using the above algorithm, simulations on the experimental 
setup for various behavior responses were carried out. The 
values of optimal PID parameters obtained by trial and error 
method are presented in Table I. These values are considered as 
optimum for particular behavior response because of 
satisfactory agreement with the real time response obtained 
from 210 MW thermal power plant. 


Tablel. Optimal PID controller parameters for different 
behavior responses 
























PID parameters 


Behavior Response 
i 


Sudden run back of 2. 
load due to auxiliary 
failure 

3 


Boie sin Up LS [18 1203 0 
10% change in ramp 2 1.2 0.5 | 05 
load from 60% to 
100% 
Open Loop Response 17) 15 | 12;03 405 
for positive change in 
load. 
Open Loop Response 17 | 15 | 12703 | 05 
for negative change in 
load. 
Sudden load change 2.5 ; ; : 
due to grid 
disturbance 

i 


Keeping the above optimum PID parameters as 
guidance, again several simulations were carried out on the lab- 
scale experimental set-up for all the behavior responses. Finally, 
one set of overall optimal PID controller parameter, which will 
mimic almost same way for all the types of dynamic behaviors 
mentioned above was found out. The overall optimum PID 
parameters obtained for air and fuel flow controllers suitable for 
any kind of dynamic behavior of combustion process in utility 
boiler is presented in Table IT. 

In order to improve the settling time and performance indices, 
an intelligent controller using fuzzy logic is designed. Steady 
state response obtained from those parameters can confidently 
be used to form membership functions and rule bases for 
designing fuzzy controllers without depending on the guidance 
from experts. 

Table I. Overall Optimum PID controller parameters for fuel 
and air. 
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m. PROPOSED FUZZY SCHEME. 














Air 


Fuzzy Logic 
Controller 
(Fuel) 


Actual fuel 


Fuel 
Air 


Actual air 


Controller 
(Air) 


Fig 2. The proposed Fuzzy Controller. 


The proposed fuzzy controller system for fuel and air control 
is shown in the Fig.2. The data collected from thermal power 
plant are stored and these are shown as two response graphs, 
one load vs. fuel flow and the other load vs. airflow 
(incorporated in Fig. 2). From the graphs, the fuel and air flow 
set points corresponding to the desired load are derived. The 
difference between the set point and the actual flow is 
computed as error signal. The error and change in error are 
taken as inputs to the proposed fuzzy controller. 

Using overall optimum value of the PID parameters obtained 
from behavior response modeling technique as per Table.H, 
experiments were conducted on the lab scale set-up. Response 
was plotted for different load Vs fuel flow and airflow to find 
out thé ranges for the triangular membership values using 


piecewise linear approximation method. The same procedure | 


is repeated for the input and output variables of fuzzy based 
air and fuel controllers. 


A. Fuzzification 

Fuzzification converts the input data into suitable linguistic 
values [8]. The following are the range for the input variables 
for both fuel and air controls considered in the design of FLC. 
Error (Œ) = - 50% to + 50% 
Change in Error (AE) = - 25 %to + 25% 
Control valve Position (U) = 10% to 100% 
The number of linguistic levels for each linguistic variable is 
five. 
Error (Œ) for fuel = {MN, N, Z, P, MP} 
Change ın error (AE) for fuel = {VS, S, M, L, VL} 


Control valve position for fuel = { VS, S, M, L, VL} 

Error (E) for air = {MN, N, Z, P, MP} 

Change in error (AE) for air = {VS, S, M, L, VL} 

Control valve position for air = {VS, S, M, L, VL} 

The triangular membership functions are used to represent the 
linguistic terms. 

A scale mapping is performed using triangular membership 
function, which transfers the range of input variables into 
corresponding universe of discourse. An element of each term 
set is mapped on the domain of corresponding linguistic 
variable. 


B. Knowledge base 

Knowledge base consists of database and rule base. Database 
provides necessary definitions, which are used to define 
linguistics control rules. In the present work 23 rules for fuel 
and 21 rules for air are framed while designing FLC scheme. All. 
the rules are represented in the form of rule matrix as presented 
in Table TI. The values inside the rule base matrix correspond 
to control valve position. 


Table IM. Rule base matrix for fuel and air controller. 


CHANGE IN ERROR 
VS S M L VL 


DA ea AE 





E VS S M 
R N 
R vs | VS 
O Z >: 
R ‘ 
ee oak ile a ae 
MP VS VS M L 
a) Fuel Control 
_ CHANGE IN ERROR 
VS S M L VL 
E 
R 
R 
Oo 
R 





b) Air Control 


290 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


Fuel 
C. Inference (Decision making logic) Load 2]MW-63MW 
Knowledge to perform deductive reasoning is called E Fuel Flow Set Point 5-18 t/hr 

inference. Inference mechanism is to draw conclusion from U 
rule base, which can produce an output from a collection of éf- E 
then rules. In the present work the inference mechanism is l 20 
designed using Mamdani (min-max) method. 

F 

L 10 
D. Defuzzyfication z 


Defuzzyfication [9] is the conversion of a fuzzy quantity to a 
precise quanuty. In the present work Centroid method of 0 
defuzzyfication method is used. 





$ 


0 30 60 90 120 


Crisp output Z* = Sie (W, W,) / Si (W,) Time in Seconds 
Jal Fig.3 (a) Fuzzy/PID fuel flow response for 
Where 21 to 63 MW change in load 


J= 1 to N, the number of quantization levels. 


H,(W,) = Maximum value of membership function 
Air 
Load 21MW-63MW 
Air Flow Set Point 150-240 y hr 


corresponding to J" quantization level. 
W; = Value at which membership function reaches 











maximum value H; (W, ) 4 a00 
The design parameters of FLC scheme are presented in i ' 
Table Iv. 300 
F 
Table. IV. The design parameters of FLC scheme .L 200 
axe) 
Parameter Fuel Control w 100 
No. of input variables a th 0 


0 30 60 90 120 
Time in Seconds 


Membership function 


IV. SIMULATION STUDIES 


Fig.3 (b) Fuzzy/PID air flow response for 
21 to 63 MW change in load 


Defuzzyfication 





Fuel 
Load 110-42MW 


30 Fuel Flow Set Point 29-12 t/hr 


After designing fuzzy controllers for air and fuel, several 
closed loop simulations were conducted and studied the 
performance for both positive and negative changes in the set 
point as well as in the load perturbation. Fig. 3 (a-b) shows the 
responses for positive step change in the load set point from 
21-63 MW for PID and fuzzy controllers. 


20 


sornm rman 





Fig.3 (c-d) shows the response for negative step changes in 
the load set point from 110-42 MW for PID and fuzzy 
controllers. It is observed that, the time taken for settling is 
lesser than PID controllers for all the step changes in load with 
out off set. 


T 
© 


0 30 60 90 120 
Time in Seconds 


Fig.3 (c) Fuzzy/PID fuel flow response for 
110 to 42 MW change in load 
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500 Air 
A Load 110MW-42MW 
A 400 Set Point 380-200 t/ hr 
300 
F / PD 
L 200 
Oo 
W100 
th oO 
0 30°60 .90 120 
Time in Seconds 


Fig.3 (d) Fuzzy/PID Air flow response for 
110 to 42 MW change in load 


The performance of two controllers namely PID and 
FLC are evaluated using error integral criteria. The Table V 
presents the comparison of the performance indices of the two 
control schemes. 
Table V. ISE & IAE Comparison of for PID and Fuzzy Fuel 
flow schemes. 













boiler load r 





21 MW -42 MW 


| ISE | 


ISE 
dae [ps 





11067 4657 | 9643 


4756 9436 


From Table V it is observed that the proposed fuzzy scheme 
for fuel has minimum integral square error (ISE) and integral 
absolute error (IAE) when compared with conventional 
controllers. 


110 MW -84 MW 
110 MW -63 MW 
a. 


110 MW -42 MW 6549 
50% - 20% 


16785 





16807 


V, CONCLUSIONS 


The inherent drawback of the requirement of a priory 
mathematical model for designing conventional schemes 
motivated the authors to apply behavior-modeling technique to 
obtain optimum parameters for the PID controllers for fuel and 
air for the combustion control of utility boiler, suitable for any 
kind of dynamic behavior. Steady state response obtained 
from those parameters are used to form membership functions 
and rule bases for designing fuzzy controllers without 
depending on the guidance from experts. The response of non- 
fuzzy control system has 26% overshoot for air and 39% for 
fuel flow. It settles down after about 83 and 74 steps of 
increment. The closed loop response of fuzzy scheme shows 


satisfactory -transient response with less overshoot and settles 
down after about 38 and 36 steps of increment for air and fuel 
respectively. This shows 50% improvement over conventional 
schemes in settling time for both air and fuel. The control output 
is smooth without any oscillations, which would increase the 
life of the control elements. Table V shows that the proposed 
fuzzy scheme, results in least ISE and IAE values for both 
positive and negative step changes in load showing 25% 
improvement for fuel control when compared to conventional 
schemes. The qualitative and quantitative comparisons of the 
performance of the various control schemes reveal the 
superiority of the behavior modeling based fuzzy controller over 
the conventional control scheme. 


(1J 


(2) 


[10] 
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Numerical Solution of Takagi-Sugeno Fuzzy 
Model Based State Equations via Block Pulse 
Functions 
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Abstract— Block Pulse Functions (BPFs) approach is introduced 
in this paper to solve Takagi — Sugeno (TS) continuous fuzzy 
model based state equations. A recursive algorithm is proposed to 
solve the state equations. In view of the elegant and interesting 
propertics of BPFs the proposed approach is computationally 
much simpler compared to that of Chebyshev polynomials of first 
kind [5, 6]. An illustrative example is included to demonstrate (i) 
the effectivencss of the proposed BPF approach and (if) the 
superiority of the BPF approach over the Chebyshev polynomials 
approach in terms of computational time and memory 
requirement. 


Key words—Block pulse functions, Chebyshev polynomials of 
first kind, Takagi —- Sugeno fuzzy model. 


I, INTRODUCTION 


N the analysis of TS fuzzy model based control systems we 

normally solve the TS fuzzy model based dynamic equations 
so that we can obtain the behavior of the fuzzy system to some 
nonzero initia) conditions and input. In the recent past, 
orthogonal functions approach had become quite popular as a 
convenient and sharp tool in the analysis of dynamic systems 
[2, 3]. The main characteristic of this approach is that it 
converts calculus (differential, integral) into algebra in the 
sense of least — squares. It is somewhat similar to the well 
known Laplace transform technique in spirit. Moreover, it is 
easily implementable on a digital computer. However, the 
problem of solving TS fuzzy model based dynamic equations 
via orthogonal functions was unknown. to the scientific 
community until the appearance of [5, 6] wherein Chebyshev 
polynomials of first kind are used. It is very important to note 
that the Chebyshev polynomial approach in [5, 6] is 
computationally not attractive as (i) it is non-recursive, (ii) it 


makes use of Kronecker product of matrices and (iii) it 
involves inversion of a matrix of size ng where q is the number 


of Chebyshev polynomials used and n is the order of the 
dynamic system. 

In this paper we use BPFs and arrive at a recursive algorithm 
to solve TS fuzzy model based state equations. Interesting 
features of the algorithm are: (a) it is purely recursive, (b) it 
does not involve Kronecker product of matrices, (c) it involves 
inversion of a matrix of size n only, and (d) it is faster and 
requires low memory space. An illustrative example is given to 
demonstrate the superiority of the BPF approach. 


Il. TS ConTINUOUS Fuzzy MODEL [4] 
Rule į of continuous fuzzy system model is given by 
IF zat is Mı and ..and z(t) is My 
THEN Ñt) = Ax(t)+ Bu(),i=1,2,...,.17 (1) 


with the initial state vector x(0) . Here M, is the fuzzy set, r is 
the number of model rules, x(/) €R” is the state vector, 
u(t) E€ R” is the input vector, AE R", B;E R™”, and 
Z(t), ..., Z(t) are known premise variables that may be 
functions of state variables. Each linear consequent equation 
represented by A.x(t)+ B,u(t) is called a ‘subsystem’. 

Given a pair of ( x(t), u(r) ), the final output of the 
fuzzy system is given by 


å w (z())[Ax(t)+ B u(i) 
Ae A 


r 


a w(z(t)) 


1m) 
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= Å AleAx()+ B (u) (2) 


rl 


where 


x(t) = [ ZD, 22(1),.. BON 


wie) = TM, (2,0) 


gel 


h (e(p) =O (3) 


a (z(t) 


1m] 


for all £. The term M, (z,(1)) is the membership grade of z (t). 


II. BLOCK PULSE FUNCTIONS AND THEIR PROPERTIES [2] 


A q-set of BPFs are defined overt € [fo, t 7) as follows : 


1 ifiDTEt< (i+ DDT, i =0,1,2,...,¢- I 
B (t)= , 
0 otherwise 


where DT = (f; - foq. An absolutely integrable function Ai) 
can be approximately represented in terms of BPFs as 


qi 
f() @ å FB) = FBA (4) 


me 
where f=[fn fis fy -o fail, block pulse coefficient 
vector 
BC) = (Bot), BD, B2(),..... Bool , BPFs vector and 
l DF d 
f =r fA dt 


BPFs have the following integration operational property: 


Ò Bit) dt @ HBG) (5) 
where H is the operational matrix of integration, given by 
2 I L 18 
0 1⁄2 L | 
H=DT (6) 
0 0 0o 
0 0 K 1/2% 


which is an upper triangular matrix of order gxq. 


TV. SOLUTION OF TS FUZZY MODEL BASED STATE 
N EQUATIONS 
Assume that all the elements of x(r) and u(t) are absolutely 
integrable in 
kT & t &(k+1)T where T= f - to, a small time interval. 
Define 
t=kT+ 7 (7) 
xı = (kT) (8) 


u; = u(kT) : (9) 
where k = 0,1,2,... and O Sn ST. Then x(t) and u(t) in kT 


& + & (k+I)T can be approximately represented in BPFs as 


qi 
xN@QA xB) = XB) 


=O 


(10a) 


gl 
and u(t)@Q uB()= UB) 


m0 


(10b) 


A k k hy 
where X® = [x 55) jac „X411; n x q block pulse 


coefficient matrix 
and U“ = [u,, u”, e 7 
coefficient matrix 
Accuracy of final solution depends on the value of q, i.e. larger 
the value of q means better the accuracy. 

Since T is assumed to be small, we assume [6] that the 
value of h,(z(t)) in the interval kT & t & (k+/)T is a constant 


and is considered to be #(z(AT )) itself. Then integrating Eq. 
(2) once with respect to t, we have 


x(t)—x(kT) = LACED], Ax@ +Bu(t)ldt (11) 
iaj 


Substituting Eq.(10) into Eq.(11), applying the notation in Eqs. 
(8) and (9), and making use of the property in Eq.(5) lead to 


Gare Eee ee nt, et Sk kA X” +BU™ JH (12) 
iml , 


u,.;"], m x q block pulse 


which can be rewritten as 


x -F h, (z(kT)AX®H = gh 


tml 


(13) ° 


where S =[x,,2,,2, 62, ]+ DAT) BUH , 


twl 
which is an n x q known matrix. 
Using Kronecker product [1], Eq.(13) can be rewritten as 


Veo(X) = [1,, -Öh @ET)H @AJ' Vec(S®) (14) 


ral 
where [ ng denotes the identity matrix of order ng, @ denotes 
the Kronecker product, and 

Veo(X™) = [KEI x, rane 

Vec(S®) = [E , 5,” | l 
The algebraic formula in Eq.(14) involves inversion of a 
matrix of size ng x nq which becomes large if the value of q is 
chosen large. For better accuracy q should be sufficiently 
large. This point, equally valid for Chebyshev polynomials 
approach in [5, 6], can be regarded as the drawback of 
Kronecker product method of solving Eq.(14). 

We now introduce a recursive method which is strictly 
applicable to BPF approach. only. For this we first substitute 
the integration operational matrix H into Eq.(12), and obtain 
the following recursive relations after simplification : 


xo = (I, -O.5AT AY"[x, + 05AT Bu,” (15a) 
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the solution obtained via Chebyshev polynomials [5] are also 
shown for comparison purpose. It can be seen that the proposed 
BPF approach and Chebyshev polynomials approach produce 


x =(1,-05AT AIC, +0.5AT A)x ar 


(15b) 


+0.5AT Bu, +u ®)) 
forj=1,2,...,q-1. 


where A= $ A (x(kT™)A, and B= > A(e(KT)B, 


and /, is the identity matrix of order n. Thus this approach 
involves inversion of a matrix of order n x n only. Moreover, it 
is recursive in nature. Having thus obtained X“? recursively, 
we compute x,,, = x[(k +1)7] in the following manner: 


Since |’ B(*at =AT{I, 1, 1,1], 
at t= t= (k+1)T Eq. (11) can be written as 
Xin =; +ar¥ fax” +Bu ®] 
af) 
which can be finker rewritten as 
Xin =U, +O.SAT A)x, +0.5AT Bu,” (16) 


So, the recursive algorithm to solve the TS fuzzy model based 
state equations is as follows: 
Stepi: Choose a small time interval 4 S7 <t, . Setk=0. 


Step2: Compute h (z&T)) fori=1,2,...,r 
Step3: Compute x, forj=0, 1, ..., g-1 from Eq. (15) 


Step4: Compute the solution x[(4+1)7] from Eq. (16) 
Step5: Set k = k+1 and go to Step2. 


V. ILLUSTRATIVE EXAMPLE [5] 
Consider the following TS fuzzy model based state equations: 


identical result which is in close agreement with the exact result. 
The computational time and memory requirement in the 
cases of Chebyshev approach and BPF approach are recorded 


` in Table 2. All the computations are done using MATLAB 7.0 


and Pentium 4 system. It is evident from Tables | and 2 that (i) 
BPF approach is as good as Chebyshev polynomials approach 
as far as accuracy of solution is concerned, and (1i) BPF 
approach is computationally superior to Chebyshev 
polynomials approach as it is faster and requires low memory 
space. 


Table 1. Exact solution, Chebyshev solution and BPF 


t xh 
| ee A ar aT 
pau AN —— haa OBS 


Taboo | Lons 
w | 

ES 264 
fis [ime [inon amon sama | 
EJ mo 


Efi 


Table 2: Computational time and memory space 





Rule 1: if z,(f) is Mj, and z2(f) is Mp then x (t) = A x(t) + byu(t) 
Rule 2: if z,(f) is Mz, and z(t) is Mz then x (t) = Ax(f) + b2u(t) 
Rule 3: if z;() is M3; and z2() is Mzz then x (f) = Aax(f) + bault) 
Rule 4: if z,(f) is My, and zt) is Mg then x (t) = Agx(1) + bault) 
(17) 






ee eee 






VI. CONCLUSION 


A recursive algorithm for solving TS fuzzy model based 
state equations via BPFs has been presented. This algorithm is 
straightforward, purely algebraic and well adapted for 
computer implementation. The proposed BPF approach is as 
good as Chebyshev polynomials approach [5] if accuracy of 
solution is considered, and is superior to Chebyshev approach 
if speed of computation and memory space requirement are 
concerned. In view of the recursive nature of algorithm, low 
computing time and low memory requirement it is always 
advisable to work with the proposed BPF approach. 


with x(0) = [1 -1]’ where 


aha ee) _(1 0 (1 0 
=|] afi et a) 
Pa ia | 
A3= , Aq= and 
4 -l 1 ~=] 


0 
b, = by = by = b4= (i) 


The fuzzy sets are M),(z;(t)) = M2,(z,(t)) = (z()-0.125¥0.875, 
M3)(2,(1)) = Mai (s(t) = (1-z(V0.875, M2(22(t)) = 
Mx2(22(1))=(22(t)- 1/3. and Mp2(zA(t)) = Mar(z2(t) = (4-z2() 3. 
The exact solution of the given state equations 
„is x(t)=[(3t+1)'" 3¢—1]" Using the proposed BPF 
algorithm with 7 = 0.001 and q = 4 the solution of the TS (2) 
fuzzy model based state equations in (17) is obtained and (3] 
shown in Table | in which the exact solution and 
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, 


Abstract—fuzzy ARTMAP (FAM) is neural network architecture 
based on the principle of adaptive resonance and fuzzy set theory. 
The network is capable of learning input-output domain 
associations in an on-line or an off-line fashion. As a special case, 
when the output domain consists of a collection of class labels, 
FAM can be used as a classifier. FAM enjoys several desirable 
properties of learning including the dual support for off-line 
(batch) and on-line (incremental) learning as well as the property 
of learning stability: using fast learning its training phase 
completes in a finite number of list presentations (epochs). When 
analyzing test results after classification with FAM it is found 
that even for highly overlapped classes the prediction accuracy is 
quite good and the online incremental learning capability of the 
ARTMAP network is good enough for catering a wide range 


without loosing stability. The results show that FAM technique is © 


very promising in terms of its possibility for incremental learning, 
generalization ability and much less time is required for training. 
In this paper, the algorithm has been applicd to the datascts 
obtained from a gas sensor array in an electronic nose instrument 
with tea samples and the results are quite promising. In this 
particular application for quality evaluation of tea, incremental 
learning ability, which is inherent in FAM, is very much needed 
in order to use the electronic nose instrument for different types 
of tea produced in different countries all over the globe and this 
FAM promises to be an universal pattern classification algorithm 
for tea quality estimation using electronic nose. 


Key words—Fuzzy ARTMAP, Gas sensor array, Electronic 
nose, Black tea. 


I. INTRODUCTION 


UANTITATIVE gradation of tea quality is a difficult and 

tedious job as the tea quality depends upon the combined 
multidimensional effect of different innumerable attributes. 
Black teas produced at processing plants are tasted by expert 


e-mail: > bt@iee.jus!.ac.in, °1b@1ce.jusl ac.in 


human panel called “Tea Tasters” and gradation of tea is 
carried out on the basis of marks given by these tasters. 
However, this gradation is highly subjective and it may widely 
vary due to different human factors like individual variability, 
decrease in sensitivity due to prolonged exposure, infection, 
adverse mental state at times etc. 

Electronic nose technology has been successfully employed 
for recognition and quality analysis of various food and agro 
products, viz., wine [1], cola [2], meat [3], fish [4], etc. In tea 
quality classification, pioneering work had been done by Dutta 
et al. [5], where efficacy of electronic nose systems in 
classifying black tea aroma and flavour in different processing 
stages was established. Correlation of electronic nose data with 
the tea taster marks has been successfully carried out in [6]. 


' Electronic nose has also been used successfully for detection 


of optimum fermentation time during tea processing [7]. 
Electronic nose using Fuzzy ARTMAP technique for pattern 
recognition has also been successfully employed for 
recognition and quality analysis various food and agro 
products [8] - [10]. 

In the present study, electronic nose based aroma and 
flavour categorization of black tea using Fuzzy ARTMAP 
technique has been attempted and promising results are 
obtained. The system has the potential to eliminate the 
problems associated with human panel tasting and, if this 
instrument is standardized for quality characterization of tea, it 
may serve as a very useful gadget for fast, reliable, non- 
invasive and continuous and real time monitoring of aroma of 
finished tea. Incremental learning feature of FAM has been 
utilized in the model and has, been found to be quite 
advantageous for tea quality classification. 


Il. EXPERIMENTAL STUDY 


A. Customized Electronic Nose Set-up for Tea 


- An electronic nose set-up has been specially made with an 
array of èight Metal Oxide Sensors (MOS) and headspace- 
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sampling module for tea aroma characterization. The block 
diagram for the electronic nose set-up developed has been 
shown in Fig. |. The electronic nose consists of (a) sensor 
array, (b) micro-pump with programmable sequence control, 
{c) PC-based data acquisition and (d) olfaction software. 

Specially designed sample holders made of glass have been 
used for the experimental runs. The glass sample holders may 
be fixed to the instrument by simple threaded fitting. For black 
manufactured tea, an array of Metal Oxide Semiconductor 
(MOS) sensors has been used for assessment'of volatiles in the 
set-up. A series of experiments were carried out using a 
number of commercially available MOS sensors. From the 
response sensitivity of individual sensors, a set of eight gas 
sensors from Figaro, Japan [11] (TGS-832, TGS-823, TGS- 
831, TGS-816, TGS-2600, TGS-2610, TGS-2611 and TGS- 
2620) has been selected for odour capture from black tea. The 
outputs of the sensors are acquired in the PC through PCI Data 
Acquisition cards. The MOS sensors are conductometric in 
nature, and their resistance decreases when subjected to the 


odour vapour molecules. The change in resistance with respect , 


to their original values (AR/R) is converted into voltage and 
then taken to the PC through analog to digital converter cards 
for subsequent analysis in the computational models. 


PATTERN 





sanms 
veik 


Fig.1: Customized electronic nose set-up 


The experimental sniffing cycle consists of automated 
sequence of internal operations: (i) headspace generation, (ii) 
sampling, (iii) purging and (iv) dormancy before the start of 
the next sniffing cycle. Headspace generation ensures adequate 
concentration of volatiles released by tea within the sample 
holder by blowing regulated flow of air on the sample. During 
sampling, the sensor array is exposed to a constant flow of 
volatiles through pipelines inside the electronic nose system. 
During purging operation, sensor heads are cleared with blow 
of fresh air so that the sensors can go back to their baseline 
values. The programmable time dormancy cycle is the 
suspended mode of the electronic nose between two 
consecutive sniffing cycles. 

The PC-based data acquisition and automated operation 
of all these cycles are controlled by the specially designed 


software, called olfaction software. The software has got 
features like programmable sequence control, dynamic 


- fermentation profile display, data logging, alarm annunciation, 


data archival, etc. The software has been developed in 
LabVIEW® of National Instruments. The software design is 
focused on features like minimum operator intervention in the 
production floor and user-friendly graphical user interface, so 
that operators with basic computer literacy can handle the 
instrument. 

The experimental conditions for 
classification are given as: 

Amount of each sample = 50 gms. 

Headspace generation time = 30sec. 

Collection time = 100sec. 

Purging time = 1 00sec. 

Air-flow rate = 5 ml / sec. 


black tea aroma 


B. Sample collection 


Experiments were carried out in two major tea-tasting 
centers in the city of Kolkata, the hub of tea auctioning and 
export in India. Experiments were done for approximately one- 
month duration each at M/s. Dalmia Tea Plantation & 
Industries Ltd. and M/s. Vikram India Ltd. Both the industries 
have multiple tea gardens spread across India and the teas 
produced in their gardens are sent everyday to the tea tasting 
centers for quality assessment. Both the centers had expert tea 
tasters and for our experiments one expert tea taster was 
deputed by the respective industries to provide taster’s mark to 
each of the samples tested by the electronic nose. 

The samples arriving at the testing centers on daily basis 
were tested with the electronic nose system. The identified tea 
tasters in the respective testing centres have evaluated all these 
samples and assigned scores to individual samples which have 


been considered as taster’s mark for the correlation study with 


the computational network model. A sample tea taster score 
sheet is given in Table I. 


Table I: Sample tea taster’s score sheet 


oe (1 to 10) 





While “leaf quality” and “infusion” scores are based on 
visual inspection of the samples by the tasters, the marks given 
against “liquor” is the combined perception of taste, briskness, 
and astringency of the sample. The scores assigned to 
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“aroma”, signify the smell and flavour of the samples. These 
aroma scores, therefore, have been considered by us for 
training the FAM model discussed in the next section. 


D. THE FUZZY ARTMAP TECHNIQUE 


A. Fuzzy ARTMAP Architecture 


Fuzzy ARTMAP is a supervised ART network that performs 
incremental learning of recognition categories and 
multidimensional mapping in response to the arbitrary 
ordering of input patterns. —- 

FAM consists of two fuzzy ART modules, ART, and ART), 
which create stable recognition categories in response to any 
arbitrary sequences of the input patterns. These two ART 
modules are connected by an inter-art associative memory 
called the map field Fy, The architecture of the Fuzzy 
ARTMAP is shown in the Fig.2. 





ART, Tacget vector, Q 
Fig. 2 The archntecture of fiery ARTMAP 


Fo’ and Fy’ layer are known as the pre-processing layer 
where the input patterns are preprocessed. Both the ART, and 
ART, modules have two major fields of nodes: a feature- 
matching field called Fl and a competitive coding field called 
F2. New node may be added in the F2 field when necessary to 
code the input patterns. 

During supervised learning, ART, receives a stream of input 
patterns, {P,} and ART, receives a stream of target patterns, 
{P} of the input patterns. During testing, the supervisory 
inputs at ART, are omitted. ART, inputs are used to recall a 
previously learned association with an ART, output via the 
map field. For detailed review of this architecture is referred to 
Ref. [12], [13], and to Ref. [14]. 


B. Hypothesis selection, testing and searching 

The m dimensional input pattern p € [1, 0] is converted into a 
2m dimensional vector inserting the complement code of the 
vector in the Fy" layer. Now the input patterns becomes I = P = 
(p, p°), where p° is the complement code of p. The complement 
coding overcomes the category drift and the proliferation 
problem. This preprocessed input pattern is now propagated 
from F,* to F," layer through a set of adaptive weights. The 
activation function of the j * F," node is defined by a choice 
function, TJ), i.e. 





IAW 
a tW 
where a, is the choice parameter of ART, and w,’ is the weight 
vector of the j i F," node. The node having the highest value, 
selected as the winner. If more than one maximum 7; exists, 
the one with the smallest index is chosen. 

The output of the wining F,* node, denoted as node J, is 
then propagated back to the F,* layer through the adaptive 
weights. Then a vigilance test 1s carried out to measure the 
degree to which the input pattern, I, matches previously 
learned prototypes, i.e. 


T,(1) = | 0 


rAw*| : 


P, 2 
|z| 


There is a dimensionless parameter known as vigilance 
parameter, Pa which determines the level of similarity. If 
vigilance test is satisfied, the network will enter into a 
resonance state so that the adaptive weights are tuned to the 
input pattern. If the vigilance test fails, a new search process is 
initiated and current winning node is disabled. This search 
process continues until a mach is found or until all the F,“ 
nodes have been exhausted. If none of the existing node 
satisfies the test, then a new node included in the F," layer to 
encode the input patterns. 


The same cycle also occurs for the ART, and all the 
equation can be applied in ART, by changing the subscripts. 


C. Map-field activation 


Map-field is used to form predictive associations between 
categories and to realize the match-tracking rule. The map- 
field is activated whenever ART, or ART, is active. Assuming 
the nodes J and K are the wining nodes in ART, and ART, 
respectively, an association is formed between J and K at the 
map-field via the map-field weight vectors. The output of the 


map-field, x , is as follows: 
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y Aw? — if the J-th Ff node is 
active and F? is active 
w? if the J-th Ff node is active 


= and F? is inactive 
(3) 
y? if Ff inactive and Fy’ is active 
O if Ff inactive and F? is active 


where y’ is the output of ART, and we is the weight vector 
that links node J in ART, and the map field. 


After the map-field output, x” , has found, a map-field 
vigilance test is then carried out to confirm the prediction by 


comparing the similarity between the predicted vector , x” 
and the target vector, y’ , using: 


a PAW 
Be py Pe i 


where Py € [0,1] is the vigilance parameter of the map- 
field. If the nodes J and K have a link via the map-field, then 
the prediction is correct. However x” =O, if the prediction 
we is disconfirmed by y’ . Such a mismatch event triggers an 


ART, search for a better category and this process is known as 
match-tracking. 


D. Match-tracking 


At the start of each input presentation, the ART, vigilance 
parameter f, equals to baseline vigilance p, . If 


bikea] © 


then pP, is increase until it is slightly larger 


than|Z A w5|[7-"|,, where 7 is the input to the F," of ART, , in 


complement coding form. When this occurs, will lead to 
failure of the current ART, vigilance test, and a new cycle of 
hypothesis selection, testing and searching will be initiated to 
find a new wining node in ART,. Hence, a prototype node that 
satisfies both the ART, and map-field vigilance tests must be 
selected. If all the existing nodes are exhausted, the network 
creates a new none to learn the correct prediction. 


E. Learning 


Initially all the weight vectors w, are set to one. Moreover, 
learning takes place by adjusting the weight vector of the 
wining node in ART, according to 


warren) =ß ( I Awg) + (1 -B j weld) (6) 


where B is the learning parameter that determine the learning 
modes of the network. 
The map-field weight vectors wy that links F; and F” 
are initially satisfy 
w? =1. 
Once J learns to predict the ART, category K, that association 
is permanent; i.e. we =1 for all time. 


IV. RESULTS 


Experimentation with Fuzzy ARTMAP based electronic 
nose has been performed with three different tea grades. 
These teas were presented to electronic nose to produce 150 
signature patterns for each tea. As there was eight sensors in 
the electronic nose the patterns were of dimension 8. FAM 
classifies these patterns. Clustering was done in three modes. 


Different parameters were p, = 0.0; p, =0.8; 

Pa = 0.1; =0.0; and B =0.8, where p, a, 2 indicates 
accordingly vigilance parameter, signal rule parameter, and 
learning parameter 

In mode 1, the FAM was trained by a training set of 150 
patterns that include first 50 patterns from each class. The 
same training set was then used as the test set. The result was 
as follows in the Table I. 


Table I: Results obtained using FAM in mode 1 





In mode 2, the training set consists of 150 patterns that 
include first 50 patterns from each class. Testing was done 
with the remaining 100 patterns of each class. The result was 
as follows in the table I. 
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Table II: Results obtained using FAM in mode 2 
i 


No of 
samples 
Miss 


classified 





In mode 3, the training set consists of 200 patterns that 
include first 50 patterns from each class and second 50 
patterns of class 2. Testing was done with the patterns that are 
excluded from training patterns. The result was as follows in 
the Table M. 


Table M: Results obtained using FAM in mode 3 


No of 
samples 





V. CONCLUSION 


The prediction accuracy of Fuzzy ARTMAP technique has 
been found to be quite good for highly overlapped classes and 
the online incremental learning capability of the ARTMAP 
network is good enough for catering a wide range without 
loosing stability, The ARTMAP is a part of growing family of 
supervised self organizing network models that feature 
attentional feedback and stable code learning, In the presented 
study, our objective was to apply the FAM technique for 
quality estimation of black tea using electronic nose. Results 
obtained are quite encouraging and this technique seems to be, 
quite faster than the other algorithms. 
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Abstract— A large and complex contro! system may contain 
multiple sensors. Manufacturing and automation demand 
accuracy in sensor measurements. However, sensors often 
interact with uncertain environment and thereby, the 
performance of the sensors gets affected or damaged. The 
proposed system contains multiple sensors suitable for the 
measurement of process temperature as accurately as possible. A 
generic intelligent approach has been developed in this paper 
which processes the sensor data obtained from uncertain 
environment in order to remove measurement errors, Sensor data 
is represented here as Gaussian curves. The methods use fuzzy 
logic with statistical fundamentals in selecting the valid sensors 
while rejecting the invalid sensors. After validation of sensors 
corresponding values are fused to obtain accurate sensor data as 
much as possible. The system has been simulated and tested in 
MATLAB environment. 


Key words— Data Fusion, Fuzzy rule based system, 
Measurement uncertainty, Validation, 


I, INTRODUCTION 


TH the advancement of science and technology, 

modem instrumentation requires more and more 

advanced control as compared to the existing traditional 
ones. Sometimes we require accurate control over a system in 
spite of the insufficient and inaccurate data from the sensors 
due to uncertain environment. Traditional control system 
cannot do this task as they follow a specific mathematical 
equation and for that they require more accurate data. In case 
of industrial temperature control, conventional PID controller 
can do the job provided the data received from the sensors are 
error free. But in the real situation, one requires some 
intelligent approach of control using soft computing 
techniques [8], [2]. Researches are going on in this field for 
multi sensor data fusion [9]. In the paper fuzzy logic approach 
has been proposed with some statistical fundamentals [3], [4] 
to validate and fuse sensor data. Since the logic applied to the 


system under consideration deals with one-dimensional data, it 
may also be applicable to many such control problems. 
However, the fuzzy inference engine has been designed and 
developed based on a collection of temperature sensor data. 
The text contains the concept of measurement validation and 
multisensor data fusion, different forms of uncertainty, fuzzy 
modeling techniques and finally results and discussion. 


A, Measurement validation 

Validation can be described as a method for ensuring 
measurement’s accuracy. A sensor signal can be validated with 
additional information or by statistical analysis. The 
information may be an infrequent reference signal (laboratory 
analysis or calibration signal) or a signal produced by 
mathematical process model. Sensor malfunction detection is 
an integral part of sensor signal validation. The information 
from malfunctioning sensor may be used independently or 
accompanied with other information to validate the 
measurement. Individual signals in a redundant set may often 
exhibit deviations from each other after a length of time. These 
differences could be caused by slowly time-varying sensor 
parameters, plant parameters, transport delays, etc. 


B. Multi-sensor data fusion 

Data fusion is a way to carry out dynamic data validation. Data 
fusion and integration are concepts for combining data from 
multiple sources to provide reliable and accurate information. 
The objective is to derive more information through 
combining than is present in any individual element of input 
data. Another aspect is to enhance the effectiveness of the 
sensor system by taking advantage of the co-operation of the 
multiple sensors. 

Process data validation includes an expert system [1] with 
rules derived from operator’s experience. The rules include 
normal operating ranges and minimum or maximum limits for 
each variable. 
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TI. DIFFERENT FORMS OF UNCERTAINTY 


A. Uncertainty 


Uncertainty of measurement is defined formally as a 
parameter, associated with the result of a measurement that 
characterizes the dispersion of the values that could reasonably 
be attributed to the measurand. Another definition is the 
probability of a reading lying in a given range on either side of 
the mean value of that range Uncertainty can also be 
understood as a distribution. The Gaussian distribution (figure 
1) is normally used to represent the distribution of 
measurements and uncertainty of measurements, 
a 








Figure | Gaussian distribution 


Uncertainty of measurement can be characterized through 
measurement error, which consists of systematic error and 
random error. Systematic errors will always be corrected, 
whereas a random error cannot be corrected in a single 
measurement. The magnitude of a random error in a 
measurement is characterized by the amplitude distribution of 
the measurement and 1s typically represented as the confidence 
limit that is calculated from the standard deviation (0) of the 
measurement error. Usually, 20 (95 % in the case of the 
normal distribution) limits are used (see figure 1); for example, 
(1.3 + 0.2) kg, where 1.3 kg is the mean, and 0.2 are the 2c 
limits of uncertainty. Uncertainty of measurement represents 
well the random error of a single measurement, although it is 
insufficient as such to represent the uncertainty of a 
multivariate signal or a time series, where we need also 
information about the mutual and time dependences of 
measurement errors. 


B. Sources of uncertainty 

Uncertainty of measurement stands for random error, but its 
origin is not usually explained. Several sources of uncertainties 
are observed in sensor measurements due to lack of 
- standardization of equipments, operator error, environmental 
behavior and malfunctioning of equipments and many others. 
Randomness of the measurement errors occurred due to the 
different uncertainties are modeled in the paper using normal 
distribution, 


W. MODELING USING FUZZY LOGIC 


The system attempts to implement fuzzy sensor fusion and 
interpretation by abstracting the sensor model as a Gaussian 


distribution. We form fuzzy heuristic hypothesis about the 
validity and reliability of sensor data based on the standard 
deviation given to the sensor and the proximity of conflicting 
sensor readings using IF-AND-THEN rules. Fuzzy systems are 
particularly suitable for sensor fusion because quality 
judgments must be made at several levels. An expert must 
establish the intrinsic quality of a sensor reading a priori. The 
relative quality of redundant sensor information must be 
assessed online. A new measure of data quality must be 
expressed for the final output. The general block diagram is 
shown below (figure 2). 





SrdeQunt 


Figure 2 General block diagram 
Sensors are modeled using Gaussian curves of equal area to 
denote sensor reliability. The mean of the curve is the current 
Sensor reading. The standard deviation of the curve is the 
reliability of that particular sensor. By fixing the area of 
curves, less reliable sensor readings will receive a lower 
weighting during the center of mass fusion algorithm. A crisp 
determination on sensor validity is made prior to fusion. 
The Sensors are modeled using the following equations. 


1. ee 
Nix)= e 2r 
olan 0) 
where 
1 x 
=P xi 
Bia . (2) 


M is the mean value, n is the number of measurements and x is 
the i” measurement. The standard deviation can be calculated 





(3) 


Sensor data are distributed using Gaussian curves (figure 3) of 
equal area to denote sensor reliability. The mean of the curve 
is the sensor reading and the standard deviation of the curve is 
the reliability of that particular sensor. 
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Figure 3 Gaussian distribution 
A. Method I 
Mean and the standard deviation are used as inputs to the 
fuzzy inference engine (figure 4) while grade as fuzzy output 
in order to decide valid sensors of the system. 


lp} Hen 
lh? Telia, 





Figure 4 Fuzzy Inference Engine for Method - 1 


The p (mean) and o, (standard deviation) are defined 
as follows: 


(Xm Y= Hes On) Fe (4) 
and z =grade .{5) 
The frame of Mean is 


{ Mean, L Mean, X, pyx ) 

where L Mean is the set of linguistic values that Mean can 
take. We may use the following fuzzy subsets to describe the 
linguistic variables: 
ie L Mean = { NegativePoor (NP), NegativeAccept (NA), 
Good (GD), Positive Accept (PA), Positive Poor (PP)} 
The frame of the standard deviation is 
(StandardDeviation,LStandardDeviation, Y, pox ) 
The following fuzzy subsets are used for the standard 
deviation. 
Very Very Small (VVS), Very Small (VS), Small (SL), 
Medium (MD), Large (LG)., Very Large (VL), Very Very 
Large(VVL) 
ie L Standard Deviation = { Very Very Small, Very Small, 
Small, Medium, Large, Very Large, Very Very Large } 
We take the following frame for the fuzzy output Grade. 

( Grade, L Grade, Z, pax) 


i.e L Grade={ Very Poor (VP), Poor (PR), Accept (AC), Good 
(GD), Very Good (VG) } 

Figures 5, 6 and 7 represent fuzzy membership functions for 
mean, standard deviation and grade respectively. 











Se Se aaee, Me 


EE + * ' 


Figure 6 Fuzzy membership f function for StandardDeviation 











wt teense oka ee eee pena ae 


3 s e ZAT ae eats oe > A 


Figure 7 Fuzzy membership function for Grade 


Table 1: Fuzzy Associative Memory (FAM) for Method 1 


ALARE 
oof EA OEA ORAR 
Bo Bad oe ag 2d PR ve hVRA] 
R EAE Bete a 
EINE on the input and output variables fuzzy decision 
table has been formed as shown in table 1. Fuzzy inference 
engine computes the grade according to the current input 
conditions of the sensor data. A predefined threshold value 
determines the accept/reject criteria of the sensors for 
validation, defined below 

Grade = Accept, Zc > threshold 

Reject, Zc < threshold 
Valid sensors are fused where the sensor reading (mean) for 
each distribution is the centroid of its membership function. 
Therefore the fused mean can be obtained using the center-of- 
gravity method formulated in the following equation 


sd [sma 
a ia (x, ax, © 


Because each Gaussian curve has the same area (figure 8), the 
equation can be re-formulated as 


summation of the sensor reading 
number of sensors D 


Hama = 
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For calculating the value of fused value of the standard 
deviation, we have used the following equation. All sensors 
Gaussian curves are weighted and summed as follows 


N kedd 2 ; 
D D, k- Hesa) x f'(x) 
il kal 

NxM -1 

N is the number of the sensor number, M is the number of data 


points and f ' (x) is the probability value. Here 500 data points 
are used to present the curve. 





Ofised = 


Probablegy Dansky Function 





Sensor Reading 


Figuie 8 Gaussian curves for fused mean 
B. Method II 
In the second method the distance (between each mean and the 
fused mean) and the standard deviation are used as inputs to 
the fuzzy inference engine (figure 9) while weight as fuzzy 
output which is assigned to all the sensors. 
Input 1 = standard deviation 

Input 2 = the distance between each mean and the fused 

mean [pk — Hrusca] 

Output = zg (weight) 





Figure 9 Fuzzy Engine for Method - 2 
The frame of Distance is 

(Distance, LDistance , X , pak ) 
where LDistance is the set of linguistic values that Mean can 
take. We may use the following fuzzy subsets to describe the 
linguistic values: 
VeryClose (VC), Close (CL), Medium (MD), Far (FR), 
VeryFar (VF) 
i.e L Mean = { VeryClose, Close, Medium, Far, VeryFar } 
The frame of the standard deviation is 

(StandardDeviation, LStandardDeviation, Y , pax ) 

The following fuzzy subsets are used for the standard 
deviation. 
VerySmall (VS), Small (SL), Medium (MD), Large (LG)., 
VeryLarge (VL) 


ie LStandardDeviation = 
Large, VeryLarge } 
We take the following frame for the fuzzy output Weight. 

{ Weight, L Weight , W , pw? 
LWeight = { VeryHigh(VH), High(HD, 
Medium(MD),Low(LW),VeryLow(V)} 
Fuzzy membership functions for standard deviation, distance 
and weight are represented in figures 10, 11 and 12 
respectively. $ 


{ VerySmall, Small, Medium, 


ee ee eaae a 


| “ - 2 ” w “a 








Figure 11 “Fuzzy membership function D Distance 
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The strength of all rules from the rule evaluation process is 
defuzzified using the center of gravity method. Therefore the 
fused mean can also be obtained using the center-of-gravity 
method formulated in the following equation 


jr (x; )%,0X,, 


u [7 (x, ax, @) 


The fused standard deviation can be obtained by the weighted 
average of each sensor’s standard deviation as the following 
equation 


faz! 
ou T 


(10) 
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IV. RESULTS AND ANALYSIS 


Five sensors are simulated with some random values. The data 
range for Gaussian distribution is set to between (p - 30) and 
(p + 30) which will contairl 99.7% of the curve (figure 13). 
Sensor readings are given in table 1. Corresponding mean and 
deviation and the grade are also given in table 3 

Table 3 





Status (Accepting and rejecting criterion) of the sensors 
depending on the threshold value of 0.5 is given in the table 4. 
Table 4 


REG OR 
ET | | 
[Seuor? [| 7 
[ewer [ 
[fewers [| _ 


Distance and standard deviation of the sensors and 
corresponding weight are given in the table 5. 
Table 5 








Fused Mean for the Validation Method-1 is 18.2487 
Fused Sigma for the Validation Method is 2.47321 

Fused Mean for the Validation Method-2 is 18.2487 
Fused Sigma for the Validation Method 2i is 2. ioga 


ueus Miroir 
aie ag 





Figure 13 Distribution of 5 sensors 


V. CONCLUSION 

A generic fuzzy logic algorithm -for validation and fusion 
process has been proposed for multiple sensors. Fuzzy 
inference engine has been developed assuming the sensors are 
temperature sensors. Although the intension and idea for the 
algorithm is based on the fact that the theoretical idea will be 
same for different type sensors but the model of the fuzzy 
inference engine will be different. This method is favorable as 
compared to other methods (Kalman Filter) because it 
preserves marginal sensor information. This algorithm could 
not be applied to real time environment. However this 
algorithm can efficiently be applied to quality judgments. For 
example to know the exact quality of the smoke of emission of 
car, a no of random test values from different test centers can 
be taken and the proposed algorithm can be applied to get the 
fused quality. The algorithm for validation and fusion method 
is tested in MATLAB (Version 6.5) software. MATLAB codes 
are generated for simulation purpose. Fuzzy logic architecture 
and rule base are generated in SIMULINK environment. 

The proposed algorithm will be tested on the distributed 
networked sensors environment using Java socket 
programming to determine its functionality in an industrial 
environment. 
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Abstract—-Ziegler-Nichols tuned PID controllers are usually 
found to provide unsatisfactory results for higb-order and 
nonlinear systems. To overcome this limitation here we propose 
an auto-tuning scheme for Ziegler-Nichols tuned PID controller 
(ZNPID). All three individual parameters of ZNPID ie, 
proportional (P), integral (I) and derivative (D) gains are updated 
continuously based on instantaneous process response. An 
intelligent factor a is introduced in gain expressions of P, I and D 
terms for their on-line modification. The value of a is calculated 
through a simple relation based on the instantaneous values of 
error (¢) and change of error (Ae) of the process variable. In 
comparison with ZNPID and Refined Ziegler-Nichols tuning 
relations (RZNPID), our proposed scheme shows significant 
improvements in process responses during both the set point 
change and load variation simultaneously. Simulation study is 
made for second order linear and non-linear processes with dead 
time. In all cases performance indices (e.g., percentage overshoot, 
settling time, integral absolute error and time integral absolute 
error) show considerable improvements in their values compared 
to their respective counterparts of ZNPID and RZNPID. 


Key words—Dead time, Intelligent parameter, PID controller, 
Ziegler-Nichols tuning. 


I. INTRODUCTION 


ih spite of various advancements in process control 
techniques, till today most of the controllers used in industry 
are of PID type [1]. 

The performance for many of them is quite poor due to, 
among other factors, inadequate tuning of the controller 
parameters [2]. Ziegler-Nichols (ZN) ultimate cycle method 
[3] is one of the most popular tuning methods to obtain 


reasonably good settings for PID controllers [4]. The 


superiority of ZN tuning formula has been found to be quite 


satisfactory for first order processes, but they usually fail to 


provide acceptable performance for high-order and non-linear 
systems [5]. 

To cope-up with such difficult control situations auto-tuning 
[6], [7] is a very desirable feature and almost every industrial 
PID controllers provides it nowadays [8]. Dynamics of the 
industrial processes are not completely known and are subject 
to change under various operating conditions. Hence to 
achieve a desired response we propose a scheme for on-line 
modifications of P, I and D components of ZNPID depending 
on the instantaneous values of e and Ae of the process 
variable. Similar types of auto-tuning schemes have also been 
tested in fuzzy control [9], [10]. 

In practical process control applications when a plant is 
operated under manual mode, an operator uses his expertise to 
adjust the controller gain according to the process conditions 
(ie. e and Ae) to achieve the desired output. The basic 
strategy behind this gain manipulation is that when the process 
variable is moving away from the set value, controller takes 
ageressive action to bring it back to the desired value with 
minimum number of oscillations (i.e., smaller settling time). In 
a reverse situation when the process output is close enough to 
the desired value, control action is reduced to restrict the 
possible overshoot and undershoot in subsequent operating 
phases. In our proposed modified ZN tuned PID controller 
(MZNPID) we have tried to incorporate this gain modification 
strategy in a very simple way by introducing an on-line gain 
updating factor a in expressions of P, I and D components of 
ZNPID. The factor a is calculated continuously from the 
product of normalized values of process error (en) and change 
of error (Aen). The proposed method is tested with second 
order linear and non-linear dead-time processes and 
comparison is made with ZNPID and RZNPID [11] in terms of 
various performance indices- percentage overshoot (%OS), 
rise time (4), settling time (4), integral absolute error (IAE) 
and time integral absolute error (/TAE). Performance analysis 
reveals that the proposed MZNPID is capable of providing a 
significantly improved control performance under step set 
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point changes as well as sudden load disturbances. 


II. THE PROPOSED CONTROLLER 


A. Design of MZNPID 

The initial setting for the proposed PID controller is based 
on ZN ultimate cycle tuning [3]. On introducing the gain 
updating factor a in the expressions of P, I and D terms they 
get modified continuously depending upon the current process 
conditions (i.e., e and Ae). 

At the &" sampling instant e(k) and Ae(k) are expressed as: 


e(k)=r—y(k), (1) 
Ae(k)= e(k)—e(k -1), (2) 


where r is the desired response and y(k) is the process output 
at K" instant. The gain updating factor a can be defined as 


ai(k) = ey (k)x Ae, (k). (3) 
Where, ey (k) = an: (4) 
and Aey (k) = ey (k) —ey(k—-1). (5) 


Here, en (k) and Aey (k) are taken as the normalized values 
of e(k) and Ae(k) respectively, and ma is the maximum 
possible value of process error. Discrete form of conventional 
ZNPID at &” sampling instant may be described as: 


u(k)= K, ES nT ale) 


1 i=O 


= K,e(k)+ Ky e(i)+ K,Ae(k). (6) 


In Eq. (6), K, is the proportional gain, K, = K,(AvTy is the 
integral gain and Ky= K,(T /At) is the derivative gain where T, 
is the integral time, T4 is the derivative time and Af is the 
sampling interval. K,, T, and T4 are calculated according to the 
ZN ultimate cycle tuning scheme. 

In our proposed MZNPID, K,, K, and Ky will be modified 
continuously by gain updating factor a with the following 
relations: 


K” =K, (1+ Kal), M 
K” = K (03+ K,@), (8) 
K? = K (+ Klal) (9) 


where K; , K, and K7 are modified proportional, integral 
and derivative gains respectively. Kı, Kı and K; are three 
positive constants, which are used to determine the required 
variations of K;', K;" and Ky . Depending on the type of 


response desired to achieve in terms of some performance 
indices suitable values of K;, Kz and K, are to be decided by 


the designer either through trial and error or based on some 
prior knowledge about the process to be controlled. Thus 


MZNPID can be expressed as: 
k 


u” (k)= K™e(k)+ KY e(i)+ K7 Aelk). 


i=0 


(10) 


B. Block diagram of MZNPID 





Fig. 1. Block diagiam of proposed MZNPID. 


The simplified block diagram of the proposed PID 
controller is shown in Fig. 1. It shows that the gain updating 
factor a, a function of process error (e) and change of error 
(Ae) continuously adjusts the parameters of ZNPID. From (3) 
it is found that a would vary within the range [—1, 1] for all 
closed loop stable systems. 





en 
Fig. 2. Variation of a with ey and Aey. 


Fig. 2 shows the highly non-linear variation of a, which 
indicates that unlike ZNPID, MZNPID has a non-linear gain 
variations, Due to non-linear variation of P, I and D 
components of MZNPID leads to a non-linear control surface 
(Fig. 3b) in comparison with linear control surface (Fig. 3a) 
produced by ZNPID due to their fixed gains. Some important 
features of the proposed controller are: (i) traditional control 
Structure is preserved so that the existing system can be easily 
modified into the proposed form just by introducing a gain 
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Fig. 3{a). Lmear control surface of ZNPID. 


updating factor, (ii) the gain updating factor is continuously 
modified depending upon the recent status of the process, (iti) 
gain modification scheme is independent of any mathematical 
model or any process performance parameter, (iv) easy to 
implement in process loop with conventional control 
equipments. 





Fig. 3(b). Non-linear control surface of MZNPID. 


C. Tuning mechanism 


The objective of the proposed auto-tuning scheme is that, 
subsequent to any set-point change or load disturbance, the P, I 
and D parameters of the MZNPID would change continuously 
in such a manner that the process may have a quick recovery 
without a large number of oscillations. While designing 
MZNPID, the following important points are taken into 
consideration to provide the appropriate contro! action in 
different operating phases. For easy understanding, a typical 
close-loop response of a second-order under-damped system is 
illustrated in Fig. 4. 

(i) When the controlled variable is far from the set-point and 
moving towards it, e.g., point A or C in Fig. 4, proportional 
gain should be reasonably large to reach the set-point quickly 
but at the same time integral gain should be small enough to 
prevent the large accumulation of control action, which may 
result in a large overshoot or undershoot in future. At the same 
time to prevent oscillations derivative gain should increase for 
higher damping. In such situations (i.e. e and Ae are of 
opposite sign), a becomes negative as per the relation (3), 
which will make the proportional gain 





Fig. 4. Typical closed loop response of an under-damped second order 
process. 

ky > Kp integral gain k;” < K; and derivative gain kj’ > K, 
according to relation (7), (8) and (9) respectively. This type of 
gain variation will try to reduce the overshoot and/or 
undershoot for faster settling. Moreover, a reduced integral 
gain is important to avoid integral windup problem, especially, 
when the process dead-time becomes considerably large. 

(ii) When the process variable is far from the set-point and 
moving further away from it (e.g., point B in Fig. 4), 
proportional as well as integral and derivative gains should be 
large enough to bring back the process variable to its desired 
value. Under such situations, both e and Ae have large values 
with the same sign, thereby making a large and positive 
according to relation (3). Such a large and positive a makes all 
three gain components larger than their respective initial 
values according to relations (7) to (9). As a result, the control 
action becomes more aggressive (i.e., uv” > u according to 
relations (6) and (10)) during such operating phases. 
Therefore, MZNPID satisfies the need for a strong control 
action to improve the process recovery. 

(iii) Industrial processes are often subjected to load 
variations. An efficient controller should provide a good 
regulation against such sudden changes in load, and restore the 
desired process state within a shortest possible time. This may 
be accomplished by increasing the controller gain. Observe 
that, at the event of any load disturbance, process will move 
away rapidly from the set-point, e.g., point D in Fig. 4. In such 
a situation, a becomes positive as both e and Ae are of the 
same sign. Therefore, all three components P, I and D of 
MZNPID will be increased according to relations (7), (8) and 
(9). These higher gains will help to provide a better load 
rejection. 

From the previous discussion it is evident that our proposed 
auto-tuning scheme would provide improved transient and 
steady state behaviour under set point change and load 
variation. This control scheme is entirely independent of any 
process parameter or any predefined mathematica! model; it 
depends only upon the recent process status (i.e., e and Ae). To 
get further improved performance for different types of 
processes an experienced process operator may use his 
expertise by selecting suitable values of K;, K2 and K; that are 
implicitly present in controller expression (10). 


309 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


UI. RESULTS 


Effectiveness of the proposed scheme is verified through 
simulation experiments on second order linear as well as 
nonlinear processes with dead-time (L). In addition to response 
characteristics, performance of the proposed MZNPID is 
compared with ZNPID and RZNPID with respect to a number 
of performance indices- %OS, t, t, JAE, and ITAE. The values 
of tuning parameters K,, Kz and K; are empirically chosen as 
K, = K= | and K;= 12. Fourth-order Runge-Kutta method is 
used for numerical integration with an interval of 0.1s. The 
detailed performance analysis for the mentioned processes is 
discussed below. 


A. Second-order linear process 
Transfer function of the second-order linear process is given 
by 
-Ls 
e 
G,(s) =- 
‘ (1 + sy 


Response characteristics for the process in (11) with L = 
0.2s under ZNPID, RZNPID, and MZNPID is shown in Fig. 
5(a). Various performance indices are listed in Table Ka). 
Figure 5(a) and Table I(a) clearly reveal a significant 
performance improvement both in set point and load responses 
under MZNPID over ZNPID and RZNPID. For examples, 
HOS has been reduced from more than 60% to below 1%, and 
the f, is reduced over 60% with respect to ZNPID. Moreover, 
Table I(a) and Fig. 5(a) indicate that the performance of 
MZNPID is better than that of RZNPID. To study the 
robustness of the proposed scheme a 50% higher value of 
dead-time, i.e., L = 0.3s is considered with the same controller 
setting as that of L = 0.2s, and the corresponding responses 
and performance parameters are shown in Fig. 5(b) and Table 
I(b) respectively. Figure 5(b) and Table I(b) also depict the 
superiority of MZNPID over RZNPID and ZNPID. 


a1) 


B. Second-order non linear process 


The performance of the proposed auto-tuner .is tested for 
different nonlinear processes. One of them is described by 


2 , 
Ge tg ty" =u(t—L). (12) 

Figure 6(a) shows the responses of (12) with L = 0.3s under 
ZNPID, RZNPID and MZNPID. Table U(a) presents the 
various performance indices. Though the controllers are tuned 
for L= 0.3s, a higher value, i.e., L = 0.4s is also considered 
keeping the controller’s setting same. To check the robustness 
of the controllers for non-linear system, response 
characteristics for L = 0.4s is illustrated in Fig. 6(b) and 
performance parameters are listed in Table l(b). From Fig. 
6(b) and Table II(b) it is found that in case of MZNPID, ®OS 
is reduced by more that 70%, and the steady state is reached 
faster, which reveals that unlike ZNPID and RZNPID, 
MZNPID is capable of providing more satisfactory 
performance under dead-time variation. 


x IV. CONCLUSION 


A simple model independent auto-tuning scheme has been 
proposed for Ziegler-Nichols tuned PID controller. It 
continuously adjusts the controller (ZNPID) P, I and D 
components through a single nonlinear parameter a, defined 
on the instantaneous process states. It can be easily 
incorporated in an existing control loop. Effectiveness of the 
proposed controller (MZNPID) has been tested through 
simulation experiments for second order linear and non-linear 
processes. In each case, MZNPID has shown better 
performance both in transient and steady state conditions 
compared to ZNPID, and RZNPID. Robustness of the 
proposed scheme has been established by varying the dead- 
time without changing the controller parameters for a given 
process, and using the same values of Ki, K, and K; for both 
the linear and non-linear processes in simulation experiments. 

In the present study, we have used empirical values of Ki, Kz 
and K3. Further works may be done to find their more 
appropriate values. Stability analysis for this nonlinear 
controller (MZNPID) may also be tried to make this study 
more meaningful. 
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Abstract—This paper presents the -enhanced thermal 
econdactivity spproach fer modelling ef laser melting procesecs. 
Here, Finite Volume Method (FVM) has bean used to simulate the 
transient effects of a moving laser beam in the meiting of mild 


steel (EN-43A). Experimental melt pool geometry kas been 


compared with CFD model and enhanced thermal ceuductivity - 
model. 
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L INTRODUCTION | 


ANY leser ‘processes involve laser 

iting of material e.g. selective laser melting, welding, 

brazing, soldering, glazing, surface alloying, cladding 

etc. Modelling of these processes is extremely important for 

controlling these processes by predicting the melt pool 

geometry, thermal pradients, cooling rate, microstructure, and 

stress distribution etc. However, modelling of processes 

involving laser melting is not straightforward due to 
Marangoni and buoyancy convection within the melt pool 


.It*is well established that heat transfer in melt pool is 
influenced more by fluid fiow than by heat conduction [1]. 
Fluid flow within the melt pool is dominated by thermo- 
capillary or Marangoni forces and hence conduction based 
models are not able to accurately predict the laser melting 
process, particularly in metals [1]. Thus any modelling attempt 
to investigate the effects of beam geometries on laser melting 
of metals should take into account melt pool convection due to 
thermo-capillary and buoyancy forces. Detailed CFD models 


a 
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aro therefore required to accurately predict the melt poo 
geometry and temperature distribution. 

/ . 
CFD modelling of melting processes require considerable 
expertise and computational resources. CFD models are also 


‘prone to errors due to uncertainties in the values of surface 


tension co-efficient and viscosity of material in the fluid state 
[2]. Model agreement can be improved by adjusting the values 
of surface tension coefficient and viscosity but to reach the 
correct figure, a sizeable computational effort is required. To 
simplify and speed up the modelling process, many researchers 
have used the enhanced thermal conductivity approach to 
account for melt pool convection. Here, instead of solving the 
intricate Navier-Stokes equations, only the energy equation is 
solved by enhancing the thermal conductivity beyond the 
molting temperature, to predict the melt pool geometry and 
temperature distribution. This approach has been used in the 
past for modelling laser cladding, laser welding [3-5] etc. 
However, researchers have used the values of enhanced 
thermal conductivity from literature which range from 2 times 
the original values to 420 times [3-5]. Due to this large 
bandwidth it is difficult to pick an accurate value from the 
available literature. Moreover, even if careful selection is 
made by looking at the materials and processing conditions, it 
is not known whether it would give the desired matching 
between the experimental and the predicted melt pool profile . 
and temperature distribution. Thus there is a need to study the 
enhanced thermal conductivity approach and see its 
effectiveness. 
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This paper presents an analysis of the enhanced thermal 
conductivity approach for modelling laser melting processes. 
A finite volume model is constructed using a commercial 
software FLUENT to simulate the transient effects of a moving 
beam for laser melting of mild steel (EN-43A). Melt pool 
convection induced due to the Marangoni and buoyancy forces 
is taken into account in the CFD model, whereas enhanced 
thermal conductivity approach is used for the conduction 
model, Experimental melt pool geometry is compared with the 
CFD model and the enhanced thermal conductivity model to 
demonstrate the effectiveness of enhanced thermal 


conductivity approach. 
IL ` FINITE VOLUME MODEL 


A 3D finite-volume model, based on the Reynolds Averaged 
Navier Stokes Equations and the Enthalpy-Porosity technique 
was set-up in FLUENT for modelling of the laser melting 
process, The laser beam was input as surface heat flux. An 
‘area sector’ approach [6] was used to simulate the moving 
laser beam instead of a moving wall approach. Necessary 
subroutines were added to handle the spatially varying heat 
flux to simulate the moving laser beam. For the normal heat 
transfer and enhanced -thermal conductivity approach same 
model was used but only the energy equation was solved. In 
the enhanced thermal conductivity model, thermal condcutivity 
values were enhanced by three to four times their original 
values. The enhancement in thermal conductivity k’ is 
defined by (1) as: 


k'=ak : a) 


where k is the normal thermal conductivity value at the 


corresponding temeprature and @ is the enhancement factor 
which is defined as: 


1 if T <Tipette & Taraa 


ax 


multiplying factor if T >To, 


where Tis: is the temperature at which solid formation 
begins and Tiss is the temperature at which full 
solidification occurs. 


Energy conservation equation for the complete single domain 
in enthalpy-porosity technique is written in terms of enthalpy 
and temperature, as in (2), [7]: 


5 (H)+¥.(obH)=V.(RVT) +H ; (2) 
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where H is enthalpy, p is density, Ù is the fluid velocity and 
& is the surface heat source. For enahnced thermal 
conductivity model k is replaced by k’ in (2). 


Enthalpy of material is computed as the sum of sensible 
enthalpy (h) and latent heat (AA), as in (3). 


H=h+AH 6) 


< where 


T 
h=hy+ [Car 
hy = Reference enthalpy 
Try = Reference temperature 
C, = Specific heat at constant pressure 


Latent heat content (AH) can be written in terms of latent heat 
of the material, as in (4) [7]: * 


AH = BL (4) 


where J is the liquid fraction, which is defined as: 


0 if T< Tas 


Bud alot 


Trpiir ~T miia 
t if T> Trpia 


if Torso < T< Tapii 


t 


? or Marangoni convection is treated as shear 
stress applied at wall. Shear stress applied at the wall is given 
by (5), [7]: 


r ~2vr (5) 


where r is the shear stress, go/ar is the surface tension 
gradient with respect to temperature and V,T is the surface 


gradient. Shear stress given by (5S) is then applied to 
momentum equations. 


The governing equations are finally solved simultaneously 
using a segregated solver and employing SIMPLE algorithm to 
obtain temperature and velocity fields. Because of the 
complexity of the model simplifying assumptions have been 
made which are: 
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1. Liquid metal flow within the melt pool is Newtonian, 
incompressible and laminar. 

"2. As the power density is low and there is no external 
gas pressure, the free surface is assumed planer. 
Similar laser processes involving melting, have been 
modelled in the past with the assumption of planar 
free surface with reasonable accuracy. = ` 

3. Radiation effects are neglected 


A circular laser beam with a diameter of 3.34 mm was used for 
the model. The power distribution of fiber optic coupled high 
power diode laser was close to top-hat; therefore a uniform 
power distribution was used in the model. The power density 
was set at 5.5kW/cem’ and the processing of a single surface 
track length of 20 mm was modelled. The scanning speed of 
laser was set at 5 mm/s. 


The material used was bright drawn mild steel EN-43A (0.45- 
0.55 wt % C, 0.05-0.5 wt % Si, 0.70-1.00 wi% Mn, 0.060 wt 
%S, 0.060 wt % P), as supplied (average hardness of 220 HV). 
The size of the work piece was 50x50x10 (mm’). The ambient 


temperature was set at 20 T. Temperature dependent material 
properties were used for the model [8, 9]. 


I. EXPERIMENTAL SET-UP 


The laser source used was a 1.5 kW fiber coupled high 
power diode laser (LDL 160-1500) operating in the range of 
800 - 980 nm, with a top hat (approximately uniform) power 
distribution and a circular laser spot. 


The sample was sand blasted to improve the absorptivity of the 
laser beam. Ocean Optics SD 2000 fibre optic 

was used to measure the reflectivity of the investigated 
material (EN-43A) at the abovementioned laser wavelengths. 
It was found to be between 41-43 % at room temperature. - 


A CNC table was used to move the material under the laser 
beam, and the table velocity was’ set at 5 mm/sec. The input 


power was adjusted according to the material absorptivity and > 


bape sae E ae A 
5.5kW/cm*. A single colour Impac Pyrometer, requiring input 
of material emissivity, was used for temperature measurement 
in this study. The upper limit of pyrometer was 2000C 

(2273 K) while the lower limit was 250 (523%). The 
` temperature sensitivity at the lower limit was poor. Emissivity 
of material increases significantly close to melting temperature 
due to changing surface conditions and oxidation. Emissivity 
of molten mild steel of 0.50 (taken from literature) was 
therefore supplied as input to the pyrometer for accurate 
Measurement of surface temperature. The temperatures 
recorded by the pyrometer below the melting temperature were 
therefore inaccurate and were not considered; only maximum 


surface, was recorded. , Figure 1 shows the 
schematic arrangement of experimental set-up. 





. Fig hl. Schematic representation of the experimental set-up 


IV. RESULTS & DISCUSSION 


To analyse the effects of enhanced thermal conductivity 
approach for predicting the melt pool geometry and the 
temperature distribution, a comprehensive post-processing 
analysis was carried out on all the four models (i.e. CFD, heat 
transfer and two enhanced thermal conductivity models). The 
global co-ordinate system for the model was in the middle and 
on the top of the work-piece. Three orthogonal paths were 
created namely ‘Along’ ( path along the scanning direction), 
‘Cross-sec’ and ‘Depth’ for the purpose of analysis. A liquidus 
line has been superimposed on all the graphs to quickly see the 
temeprature distribution above the melting temeprature. the 
melt zone. Some of the results have also been compared with 
the experimental results. 


Fig 2 shows the temperature distribution on the ‘Along’ path. 
Melt pool length can be estimated by looking at the 
temperature distribution above the liquidus line. It can be seen 
that the melt pool length predicted by all the four models is 
approximately similar, The maximum temperature predicted 
by the normal heat transfer model (Circle HTxI) is 2615 K, 
whereas the maximum temperature predicted by the CFD 
model (Circle conv) is 1946 K which is much closer to the 
experimentally measured temperature of 7992 K. The 
enhanced thermal conductivity models predict a temperature in 
between the CFD and the heat transfer model. The maximum 
temperature predicted by the four times model is 2069 K, 
which is less than the maximum temperature predicted by the 
three times model (i.e. 2/27 K) is mainly due to the increased 
heat diffusion above the liquidus temperature. Although the 
maximum temperature predicted by the enhanced thermal 
conductivity models is less than the normal heat transfer 
model, nevertheless the temperature profile remains similar to 
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the normal heat transfer model. 





Abong (mmn) 
Fig 2. Temp vs distance on the ‘Along’ path 


Fig 3 shows the temperature distribution on the ‘Cross-sec’ 
path. Melt pool width can be estimated by examining the 
temperature distribution above the liquidus line. It can be seen 
that the melt pool width predicted by all the models is 
approximately similar, — 





Fig 3. Temp vs distance on the *Cross-sec’ path 


From Figures 2 and 3, it can be suggested that if the enhanced 
thermal conductivity value is further increased, the maximum 
surface temperature will approach that predicted by the 
experiments and the CFD model. 


Fig 4 shows the temperature distribution on the ‘Depth’ path. 
Melt poot depth can be estimated by looking at the 
temperature distribution above the liquidus line. Unlike the 
‘Along’ and the ‘Cross-sec’ paths, the melt pool depth 
predicted by the CFD model and the heat transfer models is 
significantly different. The melt pool depth predicted by the 
heat transfer and the enhanced thermal conductivity models is 
approximately five times higher as predicted by the fluid flow 
model (Table 1). This shows that increasing the thermal 
conductivity does not change the melt pool depth. This is 
mainly due to the energy balance. The melt pool volume 
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predicted by the heat transfer models (.i.e. the normal heat 
transfer model and the enhanced thermal conductivity models) 
remains the same. The only effect of increased thermal 
conductivity is that it clips the maximum surface 

due to the increased heat diffusion. Thus it can be said that the 
enhanced thermal conductivity model is not able accurately to 


predict the melt pool depth. 





aw 068 oH OFF O70 OM AK GM QO OFS QO CHE OM Qs 


Dopt (ary 
Fig 4. Temp vs distance on the ‘Depth’ path 


Fig 5 compares the experimental melt pool profile and the 
cross-sectional melt pool profiles predicted by the CFD, heat 
transfer, and enhanced thermal conductivity models, It can be 
seen that the experimental pool profile is flatter and is in better 
agreement with the CFD miodel. The melt pool profile 
predicted by the normal heat transfer model and the enhanced 
thermal conductivity models is having a meniscus profile. 
Accurate prediction of melt pool profile is very important as 
the solidification microstructure would exist within the melt 
pool. Moreover the orientation of solidification microstructure 
is dictated by the melt pool profile. Thus if the predicted melt 
pool profile is not accurate the predicted orientation of the 
solidification microstructure will also be inaccurate. 
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Table 1. Comparison of experimental and.modelling results 
V. CONCLUSIONS 


Modelling of laser manufacturing processes involving laser 
melting is extreasely important for controlling and optimising 
these processes. However, modelling of these processes is not 
straightforward due to Marangoni and buoyancy convection 
within the melt pool. Detailed CFD models are required to 
accurately predict the melt-pool geometry and temperature 
distribution. CFD modelling of melting processes require 
greater user expertise and longer computational times. To 
E a ee 
have’ used the enhanced thermal conductivity approach to 
account for melt pool convection. Instead of solving the 
intricate Navier-Stokes equations, oily the energy equation is 
solved by enhancing the thermal conductivity beyond the 
melting temperature, to predict the melt pool geometry and 
temperature distribution. However, researchers have used the 
values of enhanced thermal conductivity from the available 
literature without any validation. Moreover, it is not 
esatblished whether the enhanced thermal conductivity is able 
to accurately predict the melt pool geometry and temperature 
distribution. The work presented in this paper has investigated 
the enahnced thermal conductivity approach to artificially 
simulate the fluid flow within the melt pool. A CFD model, a 
normal heat transfer model, and two enhanced thermal 
conductivity models have been developed using finite volume 
method. : , 


It has been found that: the enhanced thermal conductivity 
approach gives reasonable results on the work-piece surface. 
However, it is not able to accurately predict the melt pool 
depth and melt pool profile, which are. of significant 
importance for any process involving laser melting. 
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Abstract: Contention Resolution is an important issue in 
case of Packet Switched Optical Network. Two loopless 
deflection routing algorithms load insensitive and load 
sensitive, are simulated in a six node label switched optical 
network. Load Insensitive deflection routing algorithm 
attempts to find the shortest path in term of the hop distance 
and does not consider the load information in the routing 
process, Load sensitive deflection routing algorithm takes 
the link load information into account and the deflection 
path is computed based on the estimated link load. Load 
cost is defined in terms of link load and bandwidth allocated. 
Simulation is done using a discrete event simulation tool 
SimEvents. 


Key Words: Loopless Deflection, Optical Networks 


I. INTRODUCTION 

HE convergence of telecommunication and data 

communication has caused a paradigm shift in 

networking environment. The massive explosion in 
traffic generated by the Internet has driven the current 
trend, with Internet Protocol (IP) becoming the dominant 
protocol for data communication [1]. Electronic packet- 
switching technologies are capable of providing services 
based on various priority and buffering schemes, but the 
increasing transmission rates and high wavelength 
densities over each fiber will eventually make it very 
expensive to process each packet electronically at each 
node. All-optical switching technologies will enable 
packets to traverse nodes transparently without conversion 
to electronics. This technology has the potential to offer 
the flexibility of existing packet switched networks and 
also eliminate the cost of electronic conversion and 
processing at each node [2]. An important issue in case of 
photonic packet switched network is Contention 
Resolution. Contention occurs when two or more packets 
contend for same output port on same wavelength at the 
same time. Typically, contention in traditional electronic 
packet-switched networks is handled through buffering; 


however in optical domain, it is more difficult to. 


implement buffers, since there is no optical equivalent of 
random-access memory. There are three dimensions for 
resolving contention: optical delay lines (ODL), space 
deflection and wavelength usage [2]. Both ODL and 
wavelength converters require extra hardware and control 
software, but deflection can be implemented with simple 
control software. In case of space deflection, packets that 
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lose the contention are routed to the node other than’ their 
preferred next-hop nodes, with an expectation that they 
will eventually be routed to their destinations. 


I. DEFLECTION ROUTING ALGORITHMS 


To achieve contention resolution in the space domain 
preferred and deflection routing tables are required for an 
optical router and following algorithms can be used to 
construct them. 

A. Load insensitive deflection routing algorithm 


This algorithm is based on &-shortest path algorithm and is 
independent of the link load in the network. It attempts to 
find the shortest path in term of the hop distance and does 
not consider the load information in the routing process. 
The preferred path and the deflection path between source 
s and destination d are the first and second shortest paths 
determined based on the hop count ?. Dijkstra’s algorithm 
is used to determine these paths in NSF network. 


B. Load sensitive deflection routing algorithm 


This algorithm follows same method to compute the 
preferred path as the load insensitive algorithm. But to 
estimate the deflection path, the link cost parameter C ; is 
used instead of shortest path. 
Cy= Ay/ By (1) 

where À 4 is the estimated load and By, is the maximum 
bandwidth of link J. The least cost path from source s to 
destination d is the deflection path in this case. Thus load 
sensitive deflection routing algorithm takes link load into 
account *, The link load is estimated based on the preferred 
path determined using Dijkstra’s algorithm._Load sensitive 
case has been proposed in [3]. 


Il. SIMULATION 


The above mentioned algorithms are simulated for a six 
node label switched optical network shown in Figure | 
using SimEvents [4]. The number on each link in the 
network, multiplied by 10 km will give distance of the 
link. SimEvents extends Simulink in Matlab with tools for 
modeling and simulating discrete-event systems using 
queues and servers [4]. A discrete-event simulation, or 
event-based simulation, permits the system’s state 
transitions to depend on asynchronous discrete incidents 
that are called events. These items are called entities in 


SimEvents. Entities pass through a network of queues, 
servers, gates, and switches during a simulation. Entities 
can carry data, known in SimEvents as attributes [4]. 

In the simulation, each node is modelled as M/D/1 system 
with a maximum link transmission speed of 10 Gbps. The 
traffic is uniformly distributed at all nodes. The schematic 
of the simulation model for a node is shown in Figure 2. 
To simplify the simulation, labels are defined on a per- 
destination basis. By utilizing destination-based labeling, 
the number of label entries at each node can be kept to a 
minimum. Use of such deterministic labels will do away 
the need of label swapping. So hop by hop routing can be 
used similar to IP routing [2, 5]. 

As shown in the schematic, at every node, packets are 
generated and labels are attached. An attribute for hop 
count is associated with the packet and initialized to zero 
in. Routing block contains the routing tables which are 
calculated based on the algorithms mentioned above. It 
also contains the collision detection block, which on 
detection of collision, routes the packet based on one of 
the deflection routing algorithms. For each destination 
label, the preferred port and deflection ports are 
precomputed using the deflection routing algorithms and 
the tables obtained using load insensitive and load 
sensitive algorithms for each node. 

When the packet enters the node, if the hop counter is 
greater than 1, the packet is dropped to avoid packet 
getting into loops in the network. Once the packet enters 
the node, a single server serves it for the assigned service 
time, and then the hop count is updated. Also, the label of 
the packet is checked. If the label matches with the current 
node number, then the packet is sent to sink else it is sent 
to the routing block. 

Each packet is associated with a timer tag before it leaves 
the node. When it enters the node, the timer tag is read and 
the delay is calculated. To simulate the delay, an infinite 
server with appropriate service time (Length of the link / 
Velocity of the signal in the fiber), is used in each link. 
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Fig. 2. Schematic of node used in the simulation 
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Fig. 3. Packet loss probability in the network under various 
loopless deflection routing algorithms 
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Fig. 4. Average delay in the network under various 
loopless deflection routing algorithms 


IV. RESULTS AND CONCLUSIONS 


Two loopless deflection routing algorithms are simulated 
using SimEvents. Destination based labels are used to do 
away with label swapping and simple hop by hop routing 
was used in which for a given destination label, the next 
node for the packet is decided from the routing table 
precomputed from the deflection routing algorithms. 

Simulation results are shown in Fig. 3. and Fig. 4. In the 
case of load sensitive deflection routing, the path chosen is 
the one with least load. Since the load on these paths 
chosen is lower compared to that of the paths chosen by 
load insensitive deflection routing, the contention 
probabilities are less in load sensitive case leading to lower 
packet loss probabilities. From analysis, it is concluded 
that when the load is close to zero, the loss probabilities 
for both the cases are almost same. As the load increases, 
the loss probabilities are lower for load sensitive case, 
implying that load sensitive works more efficiently at 


higher load conditions. At lower loads, the analysis 
overestimates the algorithms and the values from 
simulation do not match. 

From simulation it is observed that, as the load increases, 
more number of packets get deflected due to increase in 
contention. Since only deflection alternative is assumed for 
every node, the extent of deflection is highly limited and 
more number of packets with increasing loads. This 
reduces the overall delay with increasing delay. Since the 
paths chosen by load sensitive deflection routing algorithm 
are longer compared to load insensitive deflection routing, 
the average delay is more for the former case. 
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Abstract—The effect of ultraviolet radiation on the sensing 
mechanism of polycrystalline metal oxide gas sensor has been 
studied experimentally and theoretically. A theoretical model is 
developed and is verified experimentally. We found that 
increasing the UV radiation flux density and alcohol 
concentration increases the conductivity of the film by decreasing 
the resistance which results in the increase in sensitivity. The 
sensing characteristics of the sensor with and without UV 
radiation matched with the experimentally observed 
characteristics of the sensor but with a slightly different value. It 
may be due to the fact that the exact physical parameters of TGS 
822 were not available and we have taken the approximate values 
of the parameters for the numerical calculations. 


Key words—Grain boundary, Metal oxide sensor, Sensitivity, 
UV radiation. © ` 


I. INTRODUCTION 


ETAL oxide gas sensors have been extensively used for 

the detection of volatile, toxic and explosive gases. Its 
performance strongly depends on their electronic and 
structural properties of the surface when it is brought into 
contact with a gas. They show their sensing behavior around 
the temperature range of 175 -425 . To make it power efficient 
a number of effort has been made to lower the sensor operating 
temperature. J. Saura [I] studied the gas sensing properties of 
SnO, pyrolytic films under UV radiation and found that 
thermally treated SnO, are capable of fast detection of 
trichloroethylene and acetone vapors even at the room 
temperature. It has been observed that UV exposure enhances 
the performance of tin oxide film by decreasing the operating 
temperature and response and recovery time with no poisoning 
effect [2]. Many authors has studied the light enhancing 
properties of metal oxide thin film for oxygen and other 
reducing gases like CO at room temperature (3],[4]. It was 
found that illumination often influences the adsorption rate. 
Moreover, the time dependence of adsorption rate and 
activation energy may also be changed by illuminating the 
sensor with band gap energy light. The effect of UV radiation 


exposure on the room temperature hydrogen sensitivity of 
nano-crystalline indium oxide (In,O03) doped tin oxide thin film 
gas sensor exhibited a very high sensitivity but at higher 
concentration of H; the sensitivity decreases by a small amount 
[5]. Mishra et al has studied the effect of UV radiation on the 
sensing mechanism of metal oxide gas sensor theoretically and 
found that it is possible to detect gases even at room 
temperature [6]. 

This paper deals with the experimental validation of the 
theoretical model developed for metal oxide gas sensor 
exposed under UV radiation. An experimental study has been 
done with TGS 822 gas sensor which ıs generally used for the 
detection of alcohol. Since the most common metal oxide that 
is used for sensor is tin oxide and also TGS 822 is based on tin 
oxide, the parameters used in the theoretical calculations is 
taken for tin oxide. 


H. DETECTION MODEL 


Tin oxide (SnO2) is a wide band-gap semiconductor; E; = 
3.5 eV, with n type of conductivity due to the presence of bulk 
oxygen vacancies. The surface oxygen vacancies play the role 
of chemisorptions sites in the presence of atmospheric oxygen. 
We have used the assumption taken in [7]. Oxygen 
chemisorptions can be described as 


Tow +e +S eoor 
2 (1) 
tos +2e +S <> O07 
z 2) 
where S is an unoccupied oxygen vacancy, superscript ‘g’ 
denotes a gaseous species, subscript‘s’ denotes a surface fixed 
species, Om is a singly ionized oxygen atom coupled with a 
surface oxygen vacancy for m=1 or a singly ionized oxygen 
molecule for m=2, Os* 1s a doubly ionized oxygen atom 
coupled with a surface oxygen vacancy e is an electron. 

The concentration of surface oxygen vacancies, Noy, in 
the presence of atmospheric oxygen is evaluated by assuming 
that the bulk oxygen vacancies within a sheet of thickness 6 at 


surface are in fact surface vacancies with Ny as donor density. 
Noay for spherical grain of radius R is given as [7] 
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2 
6 6 
N oxy wan =n af -55] ae 


Using the assumption that 2N, y= N,R, where N, is thg bulk 
concentration of electrons and (3) and (5), R is given as 


(4) 

It is assumed that the resistance is mainly due to the neck 
resistance R, and grain boundary resistance Ry. UV 
radiation falls on the SnO, polycrystalline film, electron hole 
pairs are generated in the grain depletion region. Using the 
depletion approximation and solving the Poisson’s equation, 
the grain boundary barrier height is given as [6] 


V, -ifix A -od vatent a)) 
b d 
€|2 a (5) 


with w as depletion width, a as absorption coefficient, > as UV 
radiation flux density, t as minority carrier life time. Assuming 
that the conduction is mainly due to the thermionic emission 
[8] the current density across the grain boundary is given as [6] 


1 -4°N w? 
J=q4°N —— jep See aa 
d| 2xmp KT 2EKT 
J i 
| 2 [os Sep Can))| 
E a 
(6) 


Using the approximation that V, is equal to electric field E 
across this boundary of grain size L, the grain boundary 





resistance can be expressed as [6] 
; Qonpk T)? 
gb 2 





Aa arae] 


Here A, is the cross-section of grain boundary; T i 
operating temperature of the sensor and € the permittivity of 
metal oxide. 

For taking into account the neck grain conductivity it has 
been assumed that its carrier density in the depletion region is 
N,. Hence the total neck grain current density is 


: 2 
ips n(R-w) Nyt Ew +alR? -(R-w) baa JEN 
, , (8) 
where up and py are the electron mobility of the neutral grain 
body and the depletion region respectively and Ey is the 
electric field. Using V, as in (5) and 


-qV, 
N, = N exp ——2 o’ 
b aoe 


(9) 
Neck grain resistance Ry is given as 


Ry =[x(R- w) GN pp 


PERZ -afo rept »))}| 


2 2 i -1 
eg —(R-w)" hN Hg] (10) 
Total sensor conductance is given by R=Ry+R,,. Sensitivity of 
the metal oxide gas sensor S is defined as ©) 


_ Rair 


Fe ai) 
Here Rar and R,., are the sensor resistance in air and in 
reducing gases respectively. For the present calculation 
following parameters have been used: N,=3.5x10"%m°, 
m,=0.275mg (electron rest mass) and a=8x10fm". i 


DI. EXPERIMENTAL STUDY 


The sensing characteristics of tin oxide gas sensor TGS-822 
was carried out under UV exposure. The sensor was 
illuminated with UV radiation from a mercury lamp with an of 
output power of 18 W/cm’. An optical fiber was used to guide 
the UV radiation directly on the sensor surface in order to 
avoid power loss. In order reduce the power loss further, the 
sensor cover was removed and placed in front of the optical 
fiber. During the period of experiment the distance between 
the sensor surface and the optical fiber was maintained at a 
constant distance. Ethanol was injected in the test chamber 
using a syringe. The volume of the test chamber was 51.The 
test chamber has a small fan that is used for mixing the alcohol 
vapour with air. Electrical characterization was carried out by 
biasing the sensor with a 5 V DC power supply and measuring 
the sensor resistance by Model 485 Keithely Picoammeter. 
The heater voltage was applied to sensor using a regulated 
power supply and it was varied from 1 V to the 4V. After every 
measurement, clean dry synthetic air was used to remove the 
contaminant from the sensor surface. 


IV. RESULTS AND DISCUSSIONS 


Numerical calculations have been carried out for the sensing 
characteristics of the film using the developed model and it 
was verified experimentally. Sensor temperature for TGS 822 
as a function of heater voltage is calculated using the formula 
given as [9] 

T = 102.83.V + 214.37(K) (12) 

Fig. | shows the variation of grain boundary barrier 
height V, with adsorbed gas concentration under UV radiation 
theoretically. It is observed from the graph that with the 
increase in the adsorbed gas concentration and UV radiation 
flux density, V, decreases. It is due to the fact that as UV 
radiation flux density and adsorbed gas concentration 


a 
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Fig. 1. Variation of grain boundary barrier height with adsorbed gas 
concentration 


increases, number of electrons generated increases thereby 
decreasing the potential barrier. At the radiation flux densities 
of 5x10'/m? and 5x10'*/m’, grain boundaries barrier height 
decreases from 0.22V to 0.12V at the adsorbed gas 
concentration of 0:8x10'/m’. 
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Fig.2 Plot of Resistance versus operating temperature of sensor. Solid and 
dotted lines are theoretical and experimental results respectively. 






Fig.2 shows the variation of sensor resistance with operating 
temperature in the presence and absence of UV radiation at a 
flux density of 10'%/m? and alcohol concentration of 600 ppm. 
It has been observed that the resistance decreases with the 
increase in the temperature. The difference in the resistance in 
the presence and absence of UV radiation is almost five times. 
Though the experimental and theoretical values have a 
quantitative difference but the nature of variation is same in 
both the cases. Decrease in the resistance shows an 
exponential behavior in both the cases. 

Sensitivity versus temperature plot is shown in Fig.3. The 
UV radiation flux density was kept at 10!*/m* and alcohol 
concentration at 600 ppm. The nature of the variation in 
experimental and theoretical data is same with a slight 
variation. Sensitivity first increases with temperature and after 
reaching a highest value it starts decreasing. This is because at 


lower temperature, sensitivity is due to the speed of the 
chemical reaction and at higher temperature it is due to the 
diffusion of the gas molecules but at the intermediate 
temperature both process becomes equal and add to give 
maximum sensitivity. By exposing the sensor to UV radiation 
results in further increase in the sensitivity because UV 
radiation increases the electron concentration by creating the 
electron hole pairs thereby decreasing the sensor resistance. 
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Fig.3. Sensitivity as a function of sensor operating temperature. Solid and 
dotted lines are theoretical and experimental results respectively. 


Variation of sensitivity with alcohol! concentration is plotted 
in Fig.4. As evident from the above results, UV radiation 
results in the enhancement of the sensitivity. These 
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Fig.4 Graph between sensitivity and gas concentration. Solid and 
dotted lines are theoretical and experimental results respectively, 


results are obtained at the UV radiation flux density of 10'8/m? 
and at the temperature of 249.86°C. As the alcohol 
concentration increases sensitivity increases. The reason 
behind it is that as the alcohol concentration is increased, more 
and more gas molecules participate in the chemical reaction 
and diffusion, resulting in the decrease in the resistance. UV 
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radiation also enhances the sensitivity by adding the more 
number of electrons that further reduces the resistance of the 
sensor. In this plot also the nature of the graph of the 
experimental results match well with the theoretical results. 


V. CONCLUSION 


An analytical model has been developed for the metal oxide 
sensor and verified experimentally. It was seen that 
experimental results and the results obtained by the theoretical 
model shows the same graphical behavior with a little 
quantitative difference. This difference can be attributed to the 
fact that the exact physical parameters of the metal oxide used 
in TGS 822 sensor are not known and we have used the 
approximate values of the parameters. It has been observed 
that the UV radiation is capable of enhancing the sensitivity 
while keeping the experimental conditions same. 
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Abstract—In this paper, coupled simulation for front end design 
of SMART CMOS MEMS pressure sensor has been proposed. 
This helps to reduce the design cycles for the development of 
integrated sensors, and sensor array. A model of MEMS 
piezoresistive pressure sensor has been developed which has been 
linked dynamically with the low voltage low noise current mode 
instrumentation amplifier (A) for signal conditioning. The 
results of the MEMS pressure sensor analytical model has been 
matched with the ANSYS results. The MOS model used for the 
simulation of the low noise micropower IA is 0.18pm dual 
threshold technology. The simulation of the integrated amplifier 
and MEMS has been done using TSPICE and the variation of the 
output voltage of the amplifier with different pressure for a 
particular dimension of the sensor has been obtained directly 
from the netlist. 


Key words—Coupled simulation, dynamically linked library, 
integrated CMOS MEMS 


I. INTRODUCTION 


N this paper, a new coupled circuit and mechanical 

simulator has been reported for the design and simulation of 
integrated CMOS MEMS pressure sensor. The mechanical 
simulator accepts the MEMS pressure sensor non-electrical 
parameter namely the radius and thickness of the diaphragms, 
geometry and doping concentration of the piezoresistors and 
the input parameters i.e. pressure to compute the value of the 
piezoresistors analytically. The analytical results have been 
matched with the ANSYS 10.0 simulation and the 
experimental results. The SPICE circuit simulator includes the 
analytical model of the mechanical simulator of the 
piezoresistor as a subcircuit in its netlist of low noise low 
voltage current mode instrumentation amplifier through 
dynamically lifked library. The circuit simulator assigns 
connectivity of the piezoresistors in the Wheatstone Bridge 
configuration. The output of the Wheatstone Bridge is 
connected to the input of the current mode low noise 
instrumentation amplifier. The design parameters of both the 


MOS transistors and of the MEMS pressure sensor can be 
adjusted in the SPICE circuit simulator to meet the desired 
specifications. This feature which enables the truly integrated 
front end design has been incorporated in the coupled circuit 
and mechanical simulator. This coupled simulation helps in the 
reduction of design cycles. There are reports on the 
development of coupled circuit simulator for high performance 
RF MEMS VCO [1] where MEMS is an intrinsic component 
of the circuit. However, coupled circuit simulators for MEMS 
pressure sensors where MEMS acts as the mechanical 
component has not been reported so far. 

In this work we have proposed the design of integrated 
MEMS pressure sensor in the range of 0-300millibar for 
biomedical and other applications. The instrumentation 
amplifier coupled to MEMS based piezoresistive pressure 
sensor is low-voltage low-noise current mode instrumentation 
amplifier achieving low noise and low power. For this purpose 
the dual threshold 0.18 micron MOS devices have been 
considered using low power low voltage BSIM3 model. 


II. DESIGN AND SIMULATION OF INSTRUMENTATION AMPLIFIER 


A. Basic structure of current mode instrumentation 

amplifier 

Conventional resistive feedback differential amplifiers 
(classical three operational amplifier structure) are not suitable 
when low power, low cost and high CMRR are simultaneously 
required(2]. These structures need operational amplifier with 
low output impedance to drive the feedback resistors, which 
implies high current and large power drain. In addition 
precisely matched resistors are needed to achieve high CMRR. 
One way to overcome this problem is use of current mode 
amplifier shown in fig 1{3]. 
From figure 1, we observe that the output voltage gain depends 
on the ratio between two resisters Rọ and Ri and the current 
gain k, and is given by equation!: 

_ vo R 


Av=2 =p (1) 
vi Ri 
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Fig.1 Concept of current mode amplifier 
It is important to note that, contrary to classical configuration 
with three operational amplifiers, there is no global feedback 
and there is only one high impedance node , which simplifies 
the frequency compensation. Another advantage is that CMRR 
do not depends on the matching of resistors. The resister count 
is also reduced, saving chip area. 


B. Design of current mode instrumentation amplifier 


The proposed instrumentation amplifier schematic is shown in 
fig 2[4]. M1 and M2 are are two identical NMOS voltage 
follower. The input voltage is copied onto Ri and the current 
flowing through Ri is. 
vin 


2 
Ri K 


lri = 










tg 
an 
e a fae 


Fig.2 faces of the current mode amplifier 





M1-M10 form a series-shunt feedback loop, which adjusts the 
gate voltages of M3 and M4 so that 


i, =i — ip (3a) 
i =i +1p, (3b) 
where i;, iz and i, are currents through transistors MI, M3 and 
M4 respectively. 


. M3, M4 , M1 and M12 are identical. Drain currents of M3 
and M4 are copied to M11 and M12. 
The common mode input range is 
Vast Vint VaV commans Vaa Vd st Vin (4) 
The differential input voltage range is determined by the bias 
current of first stage and R,, that is 
-i*R<vn <i *R, 


(5) 
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C. Noise and voltage considerations 


A simplified input referred flicker noise analysis of 
instrumentation amplifier from M1-M14 is [2] 
z] 4 


l 2 2 3 2 2 

-gtr Plens *Vs FE mg 
2*V u alan Vig + gm, i < je’ 

where V,’ denotes the flicker noise of transistor Mi and is 

given by 


y? 


V, 


a9 


(6) 
V, 


n} 


K, 

Wai sy 
and gm represents the transconductance of transistor Mi. 
According to equations (6) and (7), in order to reduce the 
noise, gm; Should be made high while the g,, of other transistors 
should be made low. This can be done by selecting 
appropriate aspect ratios of these transistors 

M7 and M8 are in common gate configuration in cascade 
stage with MI and M2 and contribute only negligible flicker 
noise [5]. For M3-6, M9-14, small size is preferred for low 
noise consideration. The minimum power supply voltage is 

Vad =Vinn + Vasas + Virar + Visass (8) 
PMOS transistors exhibits low flicker noise [6] and are 
preferred at input stage for low noise. However threshold 
voltage of targeted CMOS process, the threshold voltage of 
PMOS transistor is about 0.12V higher than that of NMOS . 
Hence for low voltage operation NMOS are used for input 
stage. 
According to equation (6) ,small Ri should be used for low 
noise. However according to (5), the input range is directly 
proportional to Ri for fixed bias current. Thus trade-off among 
noise ,input range and power consumption is required. 
The simulations results of the ac analysis ,input refered noise 
and dc analysis of the proposed low-voltage low-noise current 
mode instrumentation amplifier are shown in Fig.3,4 and 5 
respectively. The power consumption of the amplifier for a 
gain of 30 (as indicated in Fig.5) is 82uW compared to a 
value of 300 uW in a three opamp configuration. The noise 
power is of the order of 2.0u4V compared to 2.5uV in a 


conventional three opamp configuration. 
e made fasten] ner 


2 
m 


(7) 
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Fig.3 AC analysis 
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Fig.4 Noise Analysis 
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vin (mY) 
Fig.5 DC analysis 


Til. MODELING OF MEMS PRESSURE SENSOR 

In a piezoresistive MEMS pressure sensor as shown’ in 

Fig.6, the resistance changes due to the change in resistivity on 

` application of pressure. Normally the resistors are connected 

in a Wheatstone Bridge configuration so that the output 

voltage is maximized for a particular input pressure. The 

change in resistance for each of the piezoresistor is given by 
equation 9: 

R=R (l£ (mq, + 10) (9) 


where R is the initial resistance of the piezoresistor which 
depends on the doping concentration and dimensions of the 
piezoresistor, R is the changed resistance, 7, and m, are the 
longitudinal and transverse coefficients respectively, o, and 
o, are the longitudinal and transverse stresses respectively 


which are dependent on applied pressure and membrane 
dimensions given by [7].The + sign indicates the nature of the 
stress—compressive or tensile. The value of the resistance R is 
given by[8]: 
R=lKAqnu) (10) 
where / is the length of the piezoresistor, A is the area of cross 
section, q is the electronic charge, n is the doping 
concentration and y is the mobility of carriers, in this case 
holes. 
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Fig. 6 Schematic of piezoresistive pressure sensor 


The results of equations 9 and 10 are matched with the 
ANSYS v 10 simulation results. To obtain the change in 
Tesistance with the help of ANSYS, voltage has to be applied 
as the input across the piezoresistors and the current density 
plot is obtained. Electromechanical simulation needs to be 
done by choosing proper-coupled field elements. On 
application of pressure, the membrane bends and the change in 
current density: is obtained. Fig.7 shows the current density 
results of ANSYS after application of pressure of 0.8 bar on a 
piezoresistor of dimensions 75pm by 20pm, doping 
concentration of 10" atoms/cc, membrane dimensions of 
2.5mm by 2.5mm by 50um. 






arcs tose repa 
Fig. 7 ANSYS results 


IV. INTEGRATED CMOS MEMS DESIGN AND SIMULATION 

The analytical equations discussed in the previous section 
are linked dynamically with the netlist of the amplifier using 
TSPICE. Fig. 8 shows the schematic diagram of the 
functioning of the coupled simulator by using file processing 
and system calls, At the beginning of the netlist, the library file 
for the piezoresistor is called. In this file, the value of the 
piezoresistor is computed from the default design parameters, 
two nodes are assigned namely ANODE and CATHODE for 
the piezoresistor for its inclusion in the circuit described in the 
netlist. The connectivity between the resistors in the form of 
Wheatstone Bridge are assigned in the netlist and an input 
voltage is applied. The output voltage is then applied to the 
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Call the library file for the 
piezoresisiors 







Descriphon of the amplifier circuit and the 
interconnection with the pressure sensor 


mics 
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ake the value of the geometrical design 
parameters either from the SPICE program 


Fig.8 Flowchart of the integrated simulator 


input of the amplifier discussed in Section II. If the output do 
not match some specifications, then the piezoresistor 
dimensions are altered in the netlist and the entire process is 
repeated. The output of the integrated simulation of the CMOS 
MEMS pressure sensor is shown in Fig.9 for different values 
of pressure and for piezoresistor of dimensions 75um by 
20um, doping concentration of 10'% atoms/cc, membrane 
dimensions of 2.5mm by 2.5mm by 50pm. 
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Fig.9 Integrated simulation results 


V. CONCLUSION 


In this paper, coupled simulation for front end design of 
SMART CMOS MEMS pressure sensor has been discussed. A 
model of MEMS piezoresistive pressure sensor has been 
developed which has been linked dynamically with the low 
voltage low noise current mode instrumentation amplifier (LA) 
for signal conditioning. The results of the MEMS pressure 
sensor analytical model has been matched with the ANSYS 
results for a piezoresistor of dimensions 75ym by 20pm, 
doping concentration of 10'° atoms/cc, membrane dimensions 
of 2.5mm by 2.5mm by 50pm. The MOS model used for the 
simulation of the low noise micropower JA is 0.18um dual 
threshold technology. It has been observed that the power 
consumption and noise voltage of the current mode 
instrumentation amplifier is 82uW and 2V compared to 
300W power and 2.5uV noise voltage of the conventional 
three opamp configuration. The simulation of the integrated 
amplifier and MEMS has been done using TSPICE and the 
variation of the output voltage of the amplifier with different 
pressure(upto 300mbar) for a particular dimension of the 
sensor has been obtained directly from the netlist. 
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Abstract—Flow transducer is one of the most important 
transducer in process industry. In the anemometer type flow 
transducer, the effect of flow rate of a fluid on the heat transfer 
from a heated surface in contact with the flowing fluid is utilized 
in order to measure the mass flow rate of the fluid. In the present 
paper a modified IC based anemometer type flow transducer has 
been designed. Its performance has been studied experimentally. 
The results of the experimental study are presented in the paper. 
A linear characteristic in the streamline condition and a nonlinear 
characteristic in the turbulent condition with very good 
repeatability have been observed 


Key words—Anemometer, flow transducer, heat transfer co- 
efficient, temperature sensing IC. a 


I. INTRODUCTION 


Fw transducers may be broadly classified into two 
major groups [1-3], which are volume flow transducers (like 
obstruction type flow: transducers, electromagnetic type 
flow transducers, turbine type flow transducers etc.) and mass 
flow transducers (like anemometer type flow transducer, 
coriolis flow transducer etc). The orifice plates with DP 
transmitters [1-3] are still being used as the flow sensor of a 
process fluid through a pipeline since they are very simple and 
easy to design. Development of smart and intelligent flow 
meters like coriolis- mass flow meters, multi variable flow 
meters [2-3] have recently become popular in industry. For the 
last few decades attempts. are being made by various workers 
to design flow transducers by intelligent application of 
different physical phenomena. Various works on anemometric 
technique of flow measurement of a fluid in a pipeline are 
being reported in recent times. In hot wire anemometer 
(3-4]mass flow rate of a fluid is measured by measuring the 


change in resistance of a constant current hot resistance 
wire immersed in the fluid. In a self-balancing bridge 
technique [1,3] the temperature of the fluid velocity sensor 
is kept ata constant value and the feedback current to 
restore equilibrium is taken as the measure of the index of the 
fluid velocity. The thermistor [1-3] running at constant voltage 
or current is also as flow sensor. H Fujita et al, [12] have used 
thermistor for low flow rate measurement. G.A.Sokolov ef al 
{14] have used the microprocessor-based computation for a 
thermal type flow meter. L Spassov, ef al [15] have used 
thermo-sensitive quartz resonator for liquid flow rate 
measurement, where frequency changes with flow rate. Using 
anemometric technique a digital flow meter has been 


“developed by K. Oktamoto et al [13]. A highly accurate flow 


measurement technique using alternative direction method for 
thermal flow sensors has been developed by J. A. M. Michael 
et al [11]. A new technique of temperature compensation of 
hot wire anemometer has been reported by R.P.C.Ferreira et al 
{10] and the same group has reported the performance 
evaluation [8] of that sensor. A hot film anemometer in high 
pressure application has been studied by U.Schmid [9]. A 
surface micro machined out of plane hot wire anemometer has 
been developed by J. Chen et al [7]. W.R.M.Almeida et al [5] 
have utilized sigma delta modulation technique to develop an 
accurate thermo resistive anemometer. 

In the present paper a modified anemometer type IC 
based flow transducers has been developed. In this technique 
the anemometric effect i.e. cooling effect of flowing fluid on 
the heat sink metallic surface of a temperature sensing IC unit 
like AD590 is utilized to measure the mass flow rate of the 
fluid. In order to compensate the temperature effect of the 
fluid, four identical IC units are used and mounted in the same 
diametrical plane along two perpendicular diametrical 
directions. Experiment has been carried out to find the 
characteristic of the flow sensor in both streamline and 
turbulence conditions. It has been observed that this 
characteristic is almost linear under streamline condition and a 
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definite nonlinear characteristic with an appreciable 
linear region has been observed for turbulent condition. Hence 
using a suitable linearization technique in the turbulent region 
the proposed sensor may be used as a detecting device for 
measuring the flow rate of a fluid 


IE. METHOD OF APPROCH 


Two units of AD590 (ADI, AD2) are installed at the top 
and bottom and two other units of AD590 (AD3, AD4) are 
installed horizontally in the same diametrical plane of a PVC 
pipeline section used as the flow head as shown in figure | and 
mounted horizontally. 


——> = Row 
am ADS 
w 4Y 


Figurel: Arrangement of four IC's in the pipeline 


The flow tube is mounted in the horizontal position in such 
a way that it is always filled up with flowing fluid and four 
identical temperature sensing units (AD590) are mounted at 
equidistant apart in the same diametrical plane of the flow 
tube. Two sensing IC's are mounted along a horizontal 
diameter in the same diametrical plane and the other two IC's 
are mounted along the vertical diameter in the same plane. As 
a result the cooling effect of the fluid on the ICs along 
horizontal diametrical positions are more than that on the ICs 
along Vertical diametrical position. All the ICs are supplied 
from the same +5V dc source so that their heat supply rate is 
identical. The output of each IC is a current signal independent 
of load resistance upto a certain limiting value. This current 
signal in each IC is passed through a load resistance, which is 
identical in all of them. The dc voltage developed across each 
load resistance has been found to be related with fluid flow 
rate. Sum of the voltage signals developed for two horizontal 
IC's has been subtracted from that of the voltage signals for 
two vertical IC's by an adder and subtractor circuit as shown in 
figure 2. As a result the effect of temperature of the fluid is 
nullified and the resultant after this subtraction is a function of 
fluid flow rate only. 





Figuie2: Flow Transducer 


TI, DESIGN 
The flow head is designed with a PVC pipe line section of 
length 80 cm, 30 cm outside diameter and 25cms inside 


‘diameter with flange joints at both ends as shown in 


Figurel(a). At the middle section of the flow head pipe, four 
IC units with metal sinks are mounted equidistant apart in the 
same diametrical plane as shown in Figure] (b) in such a way 
that the metallic sink faces are just in contact with the flowing 
liquid and produces negligible obstruction to flow. Each IC is 
supplied from a stabilized +5V DC source through a load 
resistance of 1k. The DC voltage signals across the load 
resistances of top and bottom ICs (ADI and AD2) are added 
by the adder circuit consisting of OP AMP A, and those across 
the load resistance of horizontal IC’s (AD3, AD4) are added 
by the adder circuit consisting of OP AMP A; as shown in 
figure 2. The output of A; is subtracted from that of A by the 
differential amplifier circuit consisting of OP AMP A; as 
shown in same figure. 


IV. EXPERIMENT 


The schematic of experimental setup is given in figure3. 
Clean water is taken as the experimental liquid. The water 
level of an overhead tank is maintained constant by feeding 
continuous water supply to the overhead water tank by a 
centrifugal water pump and allowing the excess water to 
discharge through a overflow line. Thus this facility 
maintained a fixed water head in the overhead water tank. The 
experimental flow head is installed horizontally in the 
discharge water line and the output is taken through a 
regulating valve. Water height of 15 feet is maintained for the 
entire experiment. The water at various mass flow rates is 
collected at the discharge end into a graduated measuring 
cylinder for a definite period of time. The amount collected 
per unit time is the actual mass flow. The corresponding flow 
transducer output in mV was measured at each flow rate by a 
digital 4 and % digit multimeter. The characteristic graph of 
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the transducer was then drawn by ‘plotting mV output 
against flow rate. The characteristic thus obtained is shown in 


figure 4. 





mad 
tn 


Š 
3 
BE 
5 
5 


5 10 
flow rate In LPM 





Figure 4: characteristic of flow transducer 
V. DISCUSSION 


It is found from figure (4) that the characteristic graph of the 
flow transducer is almost linear under streamline condition and 
it is nonlinear under turbulence condition of the liquid. The 
experiment was repeated for both increasing and decreasing 
flow rate and the same characteristic was obtained. The 
transducer characteristic was also found to be independent of 
liquid temperature. 


By using a suitable linearization tech such as 
microprocessor based piece wise technique the characteristic 
can be made linear easily. Moreover the characteristic can be 
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utilized to determine the transition between streamline and 
turbulent condition of a flowing fluid through a pipeline. 
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Abstract — The polarization impedance produced at the interface 
between a metallic electrode and an electrolyte is a function of 
current density, frequency of excitation and the flow rate of the 
electrolytic liquid. Utilizing this effect, the flow rate of a liquid 
has been measured. The transducer consists of four identical 
metallic electrodes placed at diametrical distance apart in pipeline 
made of insulating material like PVC, nylon, fibre, glass etc. The 
polarization impedance of the four electrodes form a Wheatstone 
bridge network and if any two diagonal electrodes are supplied 
from a sinusoidal ac source and the output is taken from the other 
two diagonal electrodes then the output signal will vary with the 
change of flow rate through the pipcline due to the effect of 
polarization impedance. In the present work the effect of 
electrode distance, frequency of excitation and magnitude of 
supply voltage on the proposed transducer has been 
experimentally studied. The experimental results are reported in 
the paper. 


Keywords: conducting liquid, flows measurement, Lumped 
parameter bridge, polarization impedance 


I. INTRODUCTION 


HE measurement of volume flow rate of a conducting 

liquid is generally done in the process industries by using 

electromagnetic flow meters [4], [S{, [6], [11] since this 
technique is very simple compared to the other methods. There 
are other techniques [4], [5], [6], [7] of this flow measurement 
like absorption type, turbine type, coriolis force type, target 
type, vortex type etc. But for the flow measurement of 
conducting liquid, the electromagnetic flow measurement 
technique is much easier and less costly compared to the other 
measurements. In this technique an intense magnetic field is 


produced in the selected region of the flow tube by means of 
two coils excited from an ac or a de source. Two sensing 
electrodes are placed oñ the diametrically opposite positions 
inside the tube in contact with the flowing liquid. The flowing 
liquid induces an e.m.f between the electrodes which is 
directly proportional to the flow. In the present paper a novel 
technique of measurement of flow of a conducting liquid has 
been described. In this technique no excitation coil is required. 
This technique consists of four metal electrodes inserted into 
the selected zone of the flow tube which are always in contact 
with the liquid and produce no obstruction to the liquid flow. 
This electrode system 1s excited from an a.c source and the 
output signal has been found to be linearly related with the 
liquid flow under streamline condition along with a small non- 
linear zone at turbulent condition. This output voltage has been 
amplified by an instrumentation amplifier and then rectified. 
The offset or zero adjustment network controls the offset of 
the rectified signal. This signal 1s then further amplified to 
voltage signal in the range of 0 - 5 volts and the non-linear 
zone is linearised by a microprocessor based piece-wise 
linearisationtion technique. The digital output signal of 
microprocessor is converted into analog signal and 1s then 
converted into 4 - 20 mA current signal for transmission. The 
design of the flow head and the calibration data before and 
after linearisation are reported in the paper. The experimental 
data are almost found to conform with the theoritical 
equations. 


I. ANALYSIS 


When two metal electrodes are immersed in a 
conducting liquid the polarisation effect [1],[3],[8],{9],[101, 
[13] at each electrode produces an electric double layer at 
each metal liquid interface across which there exists a 
difference in potential along with a polarisation impedance. If 
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a very small value of sinusoidal voltage signal be applied 
across the electrodes then this ac voltage signal is 
superimposed with the half cell potential [8] at each electrode 
and accordingly the flow of ions from one electrode to the 
other is obtained. The electric current due to this flow ions 
may be opposed by the dc polarisation impedance and the 
ohomic impedance of the liquid between the two electrodes. 
Again if there is a flow of liquid from one electrode to the 
other then the flow of a liquid elements along with the ions 
may be opposed by the viscous effect of the liquid produced 
by the velocity gradient. Hence the net impedance between 
the electrodes defined as the ratio of the supply voltage to the 
current may be assumed to be dependent on the electrode 
polarisation effect, ohomic effect and the velocity gradient of 
the liquid [8],[{9],[10]. The dec polarisation effect non-linearly 
depends [9] on the electric current density and frequency of 
excitation and ohomic effect may be assumed constant for a 
particular system. When a liquid flows through a pipe line 
there exists a velocity gradient across the cross section of the 
pipe line which depends on the flow rate of the liquid if the 
polarisation effect and ohomic effect are assumed to be 
constant. In the present paper the effect of four electrodes 
inserted into a conducting liquid flowing through the pipe line 
with proper insulation at the diametrically opposite positions is 
studied. Since an impedance is always found to exist between 
any two of these electrodes , the four electrodes may be 
assumed to be equivalent to four lumped impedances as shown 
in fig. 1. 
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Fig 1 + Lumped parameter equivalent impedance network between four 
electrodes. 


Now when a conducting liquid flows through the horizontal 
pipe under the streamline condition it may be assumed to have 
no component of its velocity along any diameter since it 1s 
perpendicular to the length of the pipe line. Hence the lumped 
parameter impedance Z; between the diametrically opposite 
electrodes A & C and Z3 between the similar electrodes B & 
D may remain constant but the effective lumped impedance Z2 
` between C & D or Z4 between A & B tends to change due to 
the velocity gradient among the liquid layers between the 
electrodes. 

Hence if any two diagonally opposite electrodes be supplied 
from a very small value sinusoidal stabilised ac source then the 
output across the other two electrodes may change due to the 
flow of the conducting liquid following the Wheat stone’s 
bridge network principle. So for a small value supply voltage 
Vg at a fixed frequency applied between A and D and for a 
very high input impedance of the measuring circuit the bridge 
output voltage signal V, may be given by 


V, =(Z2Z4 - ZZ3)/ (Z; +Z4)(2Q+Zz)Vg (0) 


For a very small value of ac voltage Vg and for the identica! 
electrodes Z] = Z3 and Z2 = 

Let at any flow rate Qo of the liquid Zi = 7 = IÇ, Z9 = Z4 
=Zọ and at any other flow rate Q slightly different from Qo 
the value of Zo changes to . Hence the Taylor series 


expansion of Zo may be given by 

ZQ=Zo +(Q)Qo0 AQ + (QQ0 AQ? + 2 
where AQ = Q-Qọo 

Let (Q)Qo = H and (Q)Qo 

Hence Zp =ZQ +p OQ + W + (3) 


Under streamline conditions, the value of and the co- 
efficient of higher order terms may be assumed to be very 
small. Hence for very small change (UQ) of flow rate, ZQ 
may be given by 


ZQ=Zo+ u AQ (4) 
Hence putting Z] = Z3 = Zc and Zp = Z4 = Zo in equation 
no. (1) the bridge output voltage for a liquid flowrate Q ıs 
given by 

Vo=Vsl(Zg-2Zc)/ Zco+ZQ)l (5) 


From the equation nos (4) and (5) we get 
Vos Vs i(+ Zo tiu A0 Z0) Zoh Ayu AO) 


={1/ (Zc a DI (Zo - Zo) +{2Zc / (Zot Zo) } pAQ - 


wag! ero Z0)1 Vs 

a 

Vo =K] +K2 AQ + K3AQ2 (6) 

where Ky =[ (Zo - Zc) / (Zo + Zo) Vs (7) 
Ky = P yee / (7032c) 1 Vs (8) 
K3 = [p2 (Zc+Z0] Vg (9) 


Under the streamline conditions, the term 
K3 = [u2/ (Zc+Zg)*IVg may be assumed to be very small 
and hence for a very small change TQ of flow rate, the 
equation no. (6) may be written as 

Vo= K,+Ky AQ 
or 

Vo= Ki + K2(Q-Qo) (11) 
Hence the bridge output voltage is linearly related with the 
incremental change in flow rate under the stream line 
condition. Under no flow condition Qg = 0 and for electrode 
separation along the pipe line equal to the pipe diameter, 
Zo=Zc . Hence K; = 0 and the equation no. (11) is reduced to 
Vo=K2Q (12) 
Thus the bridge output voltage is linearly related with flow rate 
when the flow rate is very small and streamline. 
Under the turbulent condition, the equation no. (3) may be 
given as 

ZQ=Zo+p AQ+ AC 
Hence from equation (5) the bridge output voltage is given by 


Vo= [(Zo+ u AQ + AQ - Ze WZg+uAQ + AQ? + Zc)IVs 
(13) 


Hence under turbulent condition, the bridge output voltage 
may be non linearly related with the incremental change of 
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flow rate.Therefore Zo+ Zc >> p AQ + AQ? . So the 
bridge output voltage under turbulent condition may be given 
by 

Vo = [(Zo -Zc u AQ+AQ2)/(Zg +Zc) Il I-(p AQ + 
AQ?)/ (Zot Zc) ] 

or 


Vo =Ky +K7 AQ + K3 AQ2-KyAQ3- K5 AQ4 
(14) 
where K3=[(QZc - p2)/(Zg+Zc)*1 Vs 


K4 =[2u_/ (Zo +Z)? ] Vs 
KS LŽ (2022015 


Since u and are small so K4 and Ks may be negligible and 
hence the above equation no. (14) may be written as 

Vo =K; +K2 AQ + K3 AQ? (18) 

Hence the relation between the bridge output voltage and the 
incremental change of flow rate may be assumed to be 
parabolic under some conditions of turbulent flow. 


MI. DESIGN 


The design of the flow head is very simple as shown in fig.2. It 
involves only the selection of the electrode material which is 
chemically innert to the flowing liquid. In the present design, 
the flow rate of water through a one inch pipe line has been 
measured. Hence the electrode material is selected to be 
stainless steel. Since outside and inside diameter of the pipe 
are 25mm and 20 mm respectively so length of each electrode 
is selected to be 15 mm with 2 mm insertion depth. The 
diameter of each electrode is selected to be 4 mm. These 
selections are made on a trial basis so that the obstruction to 
the flow is minimum. Each electrode is covered with PVC 
sleeve and is fitted with a 2 mm terminal screw. Each electrode 
is then mounted on the flow head along its line of symmetry 
through a proper hole so that the electrode may be inserted 
with tight shut up condition and there is no water leakage at 
the operating pressure. The small gap is sealed with araldite. 
The length of the flow head is selected to be three feet with 
flange connections at both ends of internal diameter exactly 
equal to that of the pipe line. The flow head is connected with 
the pipe line through insulating gasket of teflon sheet. 





Fig.2 + Flow head of the bridge flow meter 





Figure 3 : Electrode polarization impedance type flow transducer 


IV. EXPERIMENT 


The experiment is performed by using tap water with the 
experimental set up as shown in fig.4. The flow through the 
pipe line is increased in small steps and in each step the signal 
conditioner output and the microprocessor output are noted in 
both increasing and decreasing modes.The static calibration 
graphs obtained from the experiment for the signal conditioner 
output and microprocessor output after linearisation are as 
shown in fig.5. 





Fig.4 : Experimental setup of the bridge type flow meter 


334. 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


Transducer characteristic 


5 10 
Flow rate in LPM 





Figure 5. Transducer characteristic 
V.DISCUSSION 


The repeatability of the experimental data in the increasing and 
decreasing modes were found to be satisfactory. The 
calibration graph shown ın fig.5 reveals that the nature of the 
graph ts linear over large portion of the operating zone. The 
non-linearity may be due to the turbulence effect of flow. The 
nature of the graph appears to follow the theoretically derived 
equation (11) and (18). Thus the transducer output may be 
amplified by an AC amplifier and the amplified output after 
rectification, filtering, signal conditioning and linearization 
may be utilized to drive an analog or digital indicator 
calibrated in terms of flow rate of the liquid. The technique is 
very simple and requires no magnetic excitation field coils as 
in the case of an electromagnetic flow meter and hence it is 
very low cost. 
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Abstract— Displacement sensors are important components in 
many instrumentation systems but the existing electrical based 
systems suffer from electromagnetic interference, noise, low 
response etc. In the present paper, a magneto-optic clement like 
Terbiam Doped Glass (TDG) has been experimentally studied for 
its use as a displacement sensor. The experimental results are 
reported in the paper. The experimental data have been found to 
be in good agreement with the theoretical study. 


Key words— Displacement sensor, Faraday rotation, Optical 
Current Transducer, and Polarization 


I. INTRODUCTION 


Dien implies the establishment of a new position 


of a movable member as related to a stable, normal or 
reference position. The widely used displacement sensor is 
AC/DC Linear Variable Displacement Transducer (LVDT) 
[I]. The other types include linear potentiometers, 


magnetostrictive linear displacement transducers [1]. The. 


magneto-optic based displacement sensor design is very 
recent. L Brackenbury Maurice et al [2] designed a 
displacement apparatus using a magneto-optic sensor and 
position dependent magnetic field produced by superposing 
two magnetic fields. M.McElfresh et al [3] designed micro- 
position sensor using magneto-optic element. In this design a 
permanent magnet mounted on a movable stage is used to 
produce a telative motion between the moving magnetic field 
and the static magneto-optic element. The rotation of the plane 
of polarization due to Faraday effect is then measured by 
polarimetric / interferometric method. In our design the non- 
uniformity of the magnetic field at the end of a solenoid coil is 
utilized to produce the change in detected light intensity due to 
the displacement of the magneto-optic element placed in the 
non-uniform region of the magnetic field. 

The potential advantages of immunity to EMI, electncal 
isolation, large bandwidth, ease of integration into digital 
control system, potentially low cost of displacement sensor 
over its non-optical counterpart, led to the development of 
magneto-optical based systems in recent years. The magneto- 
optic based displacement sensor utilizes the principle of 
Faraday rotation. Faraday Effect is observed in solids, liquids 
and gases [4] such as in glass, quartz, water, sodium vapor etc 
when subjected to a strong magnetic field. Magneto-optic 
garnet such as Yittrrum Iron Garnet (YIG), Terbium Gallium 
Garnet (TGG) is widely used as magneto-optic medium. TGG 
is commercially used for producing large rotations in magneto- 


optic laser isolators [5]. YIG bulk optics or YIG film [6] are 
used for current detectors. Since magneto-optic garnet 
materials are expensive and large size crystals are difficult to 
grow, several glass materials [7] are used as a Faraday rotator. 

In the present study, a displacement sensor 1s designed by 
utilizing the mteraction of non-uniform magnetic field with 
magneto-optic element. In this system an input monochromatic 
beam of light ıs first passed through a polarizer and then 
through a Terbium Doped Glass (TDG) element placed 
outside the solenoid coil. The light beam is then passed 
through an analyzer with transmission angle at 90° to that of 
the input polarizer and is finally detected by a photo-detector. 
The D.C. current passing through the solenoid coil ıs kept at a 
fixed value and the magneto-optic element (TDG) is displaced 
axially towards the solenoid coil. As the TDG element comes 
close to the solenoid coil a stronger magnetic field 1s 
encountered which produces more rotation of the plane of 
polarization and the photo-detector output is measured. The 
increase in photo-detector output can be scaled with the linear 
displacement of the TDG element for a certain range and 
finally the saturation is obtained where magneto-optic element 
is completely inside the region of uniform magnetic field. 


Il. THEORY AND ANALYSIS 


Schematic diagram of the magneto-optic measurement set up 1s 
shown in Fig.1. 


Starting End 


) face face ANALYZER 


| A 
sae pesca 


PHOTODETECTOR 


Fig 1 Schematic diagram of the magneto optic displacement measwement set 
up 


Let the beam incident on the magneto optic element be 
linearly polarized with azimuth a, has intensity Ip The Stokes 
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vector of the output beam from the analyzer can then be 
written as ; 


\ 


Sout = Io Mann Mrot Sin val) 


where Myo, and Mana are respectively the Mugller matrices [8] 
of Faraday rotator and analyzer and S,, is the normalized 
Stokes vector of the input linearly polarized beam which are 
given by the following equation no. (2), (3) and (4) 
respectively. 


1 0 0 


0 
0 cos2@ -—sin20 0 : 
Mae = ; mele 
~ JO sin2@ cos26 0 
0 0 0 1 
1 20, sin2o, 0 
Ma! 8% 20, cus2a,sin2n, O A 
™ 2 sin2o, a20 s02, s2, Of] 
0 0 0 0 
and 
1 
cos 2a 
wae p ...(4) 
sin 2a 
Pp 
0 


where Ol, is the transmission angle of the analyzer and @ is the 
Faraday rotation. i 


Considering linearly horizontally polarized (œ= 0 `) 
monochromatic input beam and combining the equation nos. 
(1), (2), 3) and (4), the expression for detected intensity of the 
out put beam is given by, 


T =i +cos2(0—a,)] : 6) 


When a linearly polarızed light passes through a magneto- 
optic medium in a direction parallel to the magnetic field, the 
Faraday rotation is given by the relation [9] 


12 
0 = V rdet fB0, adi .. 6) 
u 


where Verna, L and B(kon a,n, 0) are wavelength dependent 
Verdet constant of the TDG element, length (L=1,-1,) of the 
magneto-optic medium and magnetic flux density(function of 
coil length(]), radius(a), number of turns(n), current 
strength(1)) of the air-core solenoid respectively. 


Zamon Tro Caos J A 


For extinction position, œ, = 90° and the above expression 


a 
for intensity reduces to 


1=1,Sin’@ ... 0) 


For theoretical computation of eq.6 and 7 the variation of 
magnetic flux density along the axis of the solenoid coil is 
measured by the axial Hall probe of a Gaussmeter (. Make- 
M/s.Lab Magnet, India ) from a distance of 40 mm(end face of 
magneto-optic element shown in Fig.l) and is shown by Fig.2. 


B g è 8 8 3 





2 3% +40 50 60 70 80 9% 


Axial Distance in mm 


0 10 


Fig.2 Variation of magnetic flux density B(.g.a.n,0 with axial distance | for 
a direct current of strength of 2 Amp. The zero of the axial distance is 40 mm 
away from the solenoid. 


The integration of eq.6 is carried out over the length (30 mm) 
of the magneto-optic element with the help spline interpolation 
(in MATLAB environment) from the data set of Fig.2. Finally 
eq.7 is computed by considering the verdet constant V vente 
=101.81 radian/Tesla.Meter (for wavelength 0.5435 pm- 
Green HeNe Laser) of the magneto-optic element and shown. 
by Curve-A of Fig.4. For computation the value of verdet 
constant is obtained from the typical value of verdet constant 
variation of TDG with wavelength (supplied by the 
manufacturer) with the help of shape preserving interpolation 
(in MATLAB Curve Fitting Tool Box). Curve-A of Fig.4 
shows an increase in detected intensity when the starting face 
of the magneto-optic element is more than 10 mm inside the 
solenoid coil. The corresponding curve of Fig.2 shows that 
appreciable increase in magnetic flux density starts from the 
distance of 10 mm inside the solenoid coil. Thus as the 
magneto-optic element moves inside the solenoid coil the 
effective length of the element increases which produces more 
optical rotation and thus more intensity. 
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I] EXPRIMENTAL RESULTS AND DISCUSSIONS 


Experiment is carried out on the proposed magneto-optic 
displacement sensor with the experimental set-up as shown in 
Fig.3. 






Fig.3 : Experimental set-up 


Light from HeNe green laser ( wavelength 0.5435 um) is first 
passed through a prism polarizer and then through a TDG 
cylinder of length 30 mm and diameter-10 mm placed outside 
the core cf a multiple layer solenoid coil (copper) of length 95 
mm with 2600 turns and wound on an aluminium cylinder of 
diameter 10 mm rested on two wooden spacers of thickness 5 
mm each, The output beam is again passed through a film-type 
analyzer and detected by a photometric detector (Si-PIN 
Photodiode). The power from a stabilized DC power supply is 
supplied to the solenoid coil. 2 Ampere DC is passed through 
the solenoid coil. The transmission axes of the input polarizer 
and the analyzer are kept crossed. -° 


0.8 
08 
04 


02 


0 10 2 3 4 so 80 7 88 90 
Displacement of magneto-optic element in mm 
X 

Fig.4 Theoretical (Curve-A) and Experimental (Curve-B) vatiation of 
normalized photodetector intensity with axial displacement of TDG. Zero x- 
axis position corresponds to end face of the magneto-optic element (of length 
30mm) which is 40 mm away from solenoid coil. The stating face of the 
solenoid coil is at 10 mm away from the solenoid coil. 


Curve-B of Fig.4 shows the experimentally obtained variation 
for the corresponding theoretical variation shown by Curve-A 
of Fig.4. The mismatch between theoretically and 
experimentally obtained variation shows that appreciable 
change in intensity is observed when the starting face of the 
magneto-optic element is around 40 mm inside the solenoid 
coil and is subjected to magnetic flux density of more than 25 


- The 


mT. This calls for the use of photodetection circuit of higher 
sensitivity which can detect lower change in light intensity due to 
low value of angular rotation when subjected to low magnetic flux 
density. Both the theoretically and experimentally obtained variations 
tend to saturate at higher vale of displacement implying complete 
entry to the region of uniform magnetic field. 


IV, CONCLUSIONS 

From the characteristic curves shown in Fig.4, it may be 
concluded that a magneto optic sensing element like terbium 
doped glass (TDG) can be utilized for designing a 
displacement sensor over a certain range of distance 
(approximately 15 mm, when the starting face of the magneto- 
optic element is displaced from a distance of 40 mm to 55 mm 
inside the solenoid coil, the corresponding distances are shown 
by 50mm to 65mm in Fig.4.) which shows sharp increase in 
detected intensity. The higher range of linearity is expected 
with high sensitivity photodetection system. 
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Abstract— In this paper a complete theorctical study of the 
design of Ho -optimal robust controller for a LTI singulatly 
perturbed system in continuous-time domain is considered. Here 
the full order plant is a two-time scale system. It is decomposed 
into reduced order slow and fast subsystem by applying similarity 
transformation. Then stabilizing slow and fast Hoo controller is 
designed separately for fast and slow subsystem by solving the 
standard Tio control problem in Robust control TOOLBOX in 
MATLAB. Finally the composite controller is formed by 
combining the slow and fast controller. The validity of design of 
the composite Iko controller is established by comparing the 
magnitude bode- plot & step response with the Hoo controller 
designed for the Full order plant. An illustrative Example (Tsvo- 
tank chemical reactor) is given. 


Key words— Augmented plant, Block-diagonal form, Il- 
conditioning, Similarity transformation, Stiffness difficulties, 
Two-time scale system. 


I. INTRODUCTION 


INGULAR perturbation techniques were used in control 

system design since 1960’s.Linear  state-feedback 

controller, LQR and LQG controller have already been 
designed [1] for singularly perturbed systems both in 
continuous-time and discrete-time domain. In this paper a 
complete theoretical study of the design of the Hoo -optimal 
robust controller for LTI singularly perturbed system (Two- 
tank chemical reactor) m continuous time domain is 
considered. The standard Hoo-control problem consists in 
finding a static-state feed back controller ‘K’ such that the Hoo 
-norm of the closed-loop transfer function is less than a given 
positive number, under the constraint that ‘K’ stabilizes the 
generalized plant ‘G’. Here the plant ‘G’ is a two-time scale 
(two-frequency scale) transfer function. In the . singular 
peiturbation method the original full-order plant ‘G’ 1s 
decomposed into slow (G,) and fast (Gp) subsystem of order 
less than the : 


original plant by applying a similarity transformation. Then a 
stabilizing fast Hoo -controller(Ky) is designed for fast 
subsystem to meet the high frequency design specification 

and a stabilizing slow Hoo -controller(K,) is designed for slow 
subsystem to meet the low- 

frequency specification separately, under the constraint 
K,(0)=K,(0)[4]. The slow and fast 

controller is obtained by solving the standard Hco-control 
problem in Robust control TOOLBOX in MATLAB. Finally the 
composite controller (K,) is formed by combining the slow 
(K,) and fast (Kp) controller. The goal of this paper is to show 
the validity of the composite Hoo controller, by comparing the 
magnitude bode-plot & step response with the Hoo controller 
(K) designed for the Full order plant (G). 


H. SINGULAR PERTURBATION TECHNIQUE 


Let us now introduce the idea of singular perturbation 
technique from the systems and control perspective. Using the 
state variable representation for an LTI system 


X(t) =Ay;x(t) +Ay22(t) +B u(t) (1) 
x(t=0)=Xp 
e Z(t) =A2ix(t) +Anz(t)+B2u(t) (2) 
2(t=0) =Zp 


Where, x(t) and z(t) are ‘n’ and ‘m’ dimensional state vectors, 
respectively. u(t) is an ’r’ dimensional control vector and ‘g’ is 
a small scalar parameter. The matrices A and B are of 
appropriate dimensions. The system (1) and (2) are said to be 
in the singularly perturbed form ın the sense that by making 

e = 0 in (2) the degenerate system 


$? (1) =Aux°(t) +A) +Bru(t) (3) 
x°(t=0)=Xo 

O=A2)x°(t) +Ag2z"(t) +B2u(t) (4) 
2°(t=0) # zo 


is a combination of “differential “system in x°(t) of order ‘n’ 
and “algebraic” system in z°(t) of order ‘m’.The effect of 
degeneration is not only to “cripple” the order of the system 
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from (n+m) to ‘n’ by “dethroning” z (t) from its original state 
variable status, but also to “desert its initial conditions z. 
This is a harsh “punishment” on z (t) for having a close 
association (multiplication) with singular perturbation 
parameter ‘e’. We assume that the matrix Ax is non singular 
and hence we have a standard singular perturbation problem. 
The singularly perturbed problem has two widely separated 
characteristics roots giving rise to slow and fast components 
modes in its solution. The simultaneous presence of slow and 
fast phenomenon makes the problem ‘stiff from the numerical 
point of view. 


M. LINEAR TIME-INVARIANT SINGULARLY 
PERTURBED SYSTEM AND IT’S (BLOCK DIAGONAL) 
DECOM-POSED FORM. 


In the singular perturbation method the original full-order 
system is decomposed into slow and fast subsystems of order 
less than the original system. We shall take the following finite 
dimensional LTI model of singularly perturbed system. 


X(t) =Aqix(t) +Aj2z(t) +B, u(t) (5) 
XER”; uc R' 
£ Z(t ) = An X(t) +Anz(t) +B; u(t) (6) 
zER™ 

y(t) =C) x(t) +Caz(t) (7) 


x(t=0) =xp ; z(t=0) =z9 £ = singular perturbation parameter. 

To obtain a complete de-coupled fast and slow subsystem of 
(5). (6) & (7) we shall take two new choice of state variables n 
(t) and E (t) for the fast and slow states respectively. In which 
the system appears in two distinct block- tnangular form, these 
forms are called the “actuator form” and “sensor form” and are 
represented in Fig(1) where we temporary disregard the input 
‘w and output ‘y’ and focus on the properties of the free 
system. 


SLO > 
(a) Actuator Form 


z 


(b) Sensor Form 


SLO 


Fig. I 
The Actuator form: 
The actuator form is the result of change of variables 
n (t) =z (t) +L (e) x (t) (8) 


That is with the similarity transformation 


eg I, alles 
O| |L(e) 7, | 2c) 


Which transform Eqn. (5)& (6) into 


Kt) | [AAL A led 
en(t)| | AG) A,+eLA, |i nt) 
(9) 
The requirement is that the matrix R(L, £) be zero, i.e. the (m x 
n) matrix (L, £) satisfied the algebraic equation 
R(L, £) = Agi-AzL + ELAI In ELA pL 
=0 (10) 
results in the system (9) assuming the upper block triangular 
form 


bs ea” An 3) 
en(t) 0 An ELA: || TH) 


(11) 
The system (5) & (6) has been partially decoupled ın (11) toa 


. separate fast subsystem 


eT} (t) = (An + € L An) n(t) (12) 
The unique solution of the Eqn (10) L(e), exists and is 
approximated by 

L(e) = An'A21 + O (e); O (e) stands for Order of ’e*, 
provided A22 is non-singular. 
The Block -Diagonal form: 
Starting with the actuator form (11) the change of variables 


E(t) = x) -eHn(t) (13) 

Tesults in 

Eek SCH.€) Eo] 

EN(2) 0 AyteLA, ||) 
(14) 


and the requirement that the (m x n) matrix H satisfies the 
linear algebraic Eqn.- ` 
S(H,«) =¢e(Ay,-AnL)H- H(A yteLAj2) +A12 

=0 (15) 
Which converts the system (14) to finally the Block-diagonal 
or decoupled form 


ae 0 [| 
en@)| | 0 Ay +ebA, | me 


(16) 
The actuator form describes the exact fast subsystems, while 
the new block 


&(t) = (An-AnL) &(t) 
describes the slow subsystem 
The unique solution of (15), H(e) exists and is approximated 
by 

H(e) =AnAz" + Of) (18) 

Now the change of variables (8) and the present change of 
variables (13) together constitute a similarity transformation 


lak 1 eH 150) _/50 
at} |-L I, -eLH||n®| {no 
Where r| L, ER 


is the 
-L Bom 


(17) 
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transformation matrix operator. Therefore the “block- 
diagonal-form” or decoupled form of the Eqn (5), (6) & (7) 
can be written as 


EE E 
en(t)| L0 Anw] |B, 


(19) 
&(t) 
me c] By 


s: stands for Slow system blocks. 
f: stands for Fast system blocks. 
Where As= Ay-Aph 

Bs = B,-eHB, - eLHB2 


(20) 


Cs = Cy-CreL 
And Arp= Ant ELA 
B: =B,+eLB, 


Cr = C2 + eC,H = eC,LH 





Fig (2) Decomposed system. 


IV. H,CONTROL FOR SINGULARLY 
PERTURBED SYSTEM. 


Consider again a linear time-invariant system described by 


ilt) = Ax(t) +B,w(t) +B u(@) CI) 
2(t) = C)x(t) +D w(t) +Dj2u(t) (22) 
y(t)= Cox(t) +D2, w(t) +Dzu(t) (23) 


Where 

x(.)E R” is the state vector. 

w.)€ R™'is the disturbance vector. 

u(.)€ R” is the control vector. 

2(.)€ R”! is the error vector. 

y(.J€ R” is the observation vector. 

This system representation includes a plant augmented with 
frequency-dependent weights. The Transfer-function of the 
system is denoted by 


a=] G0 a 
Ga (s) Gy (s) 


D 
= | 1 A + e are By] 
Dy Dy G ` 


(24) 
The Ha control problem is to find an internally stabilizing 
compensator u(s) = K(s)y(s), such that the Hae norm of the 
closed-loop transfer function T,.(s) 
= Gii(s) + Gia(s) K(S) [I- Gurls) KOT Gus) 
(25) 


satisfies the inequality [Ta QF < y for some specified y > 
0.The solution of this problem is well known [5]. 

Aim of this paper is to analyze the case when the system 
(21)-(23) is a standard singularly perturbed system. In this 
case the matrices A, B, and C, for i =1, 2 , take the special form 


Ay, Ay B, 
A= An An ;B,= By ;C,= [Cy Cy] 
E€ E € 


Where e is the small positive parameter all matrices are 
analytic functions of g, and matrix Ax is non-singular at £ = 0. 
It follows that the transfer function G(s,£) defined by (24) is a 
two-frequency scale or two-time scale transfer function. It is 
shown in [6] that for any two-frequency scale compensator 
K(s,£), the closed loop transfer function Tw is also two- 
frequency scale. Therefore we write Tzw as T_,(s, €) and can be 
denoted its slow and fast transfer function by 

Tims) =T2.(S, 0) and 

Trw(P) =T{p/e, €) e—0 respectively. 

The sequential procedure[4]for solving the Ha control problem 
starts by defining a fast problem for the plant G,(p).An 
internally stabilizing fast compensator Kp) is designed such 


that IT.» (s)| < y. We assume that K,(0) is finite; that is the 


compensator has no poles at origin. Then we consider a slow 
problem for the plant G(s). An internally stabilizing slow 


compensator K,(s) is designed such that [Tale < y and 


K,@) = K0). Assuming, for the moment, that we have 
successfully designed Kp) and K.(s), then a composite 
controller is formed as [4]. 

K(s, £)-= Ks) +K{p)-K (0) (26) 
It follows from the result of (26) that for sufficiently small 
values of g, K(s, £) is an internally stabilizing two-frequency 


scale compensator such that Ir. (s)| o <y¥t Ole). 


To prove this inequality with O(e) requires a careful 
treatment which is done in [7]. 
The fast Ha control problem is a standard one and its solution 
exists under well-known condition [8]. The slow H,, control 
problem is the constrained H,, control problem due to the 
additional constraint K,(o)=K,(0) and existence of its solution 
is already proved in [4]. 


V. MIXED SENSITIVITY APPROACH IN 
H,,- CONTROL THEORY. 


The main use of Heo-control theory is in the synthesis of 
compensators which achieve frequency-domain loop-shaping 
specifications. In a typical setup we have a plant ‘G’ and want 
to design a compensator ‘K’ to achieve certain specifications 
on the sensitivity function S= (1+GK)' and the 
complementary sensitivity function T = I-S .By choosing 
appropriate filters W,, W2 and W3, we formulate the problem 


as one of achieving O)| <l 
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Ws 

Wis 

WT 

By defining Augmented plant as 
-W,G 


Where Tw = 





The transfer function Tzw, defined (24) will be the desired one, 
when the plant G is a two-frequency scale transfer function. 
Choosing the filters W, and W; as two-frequency scale transfer 
function yields an augmented-plant P which itself is a two- 
frequency scale transfer function and hence representable in 
the state space form (21!)-(23) as a standard singularly 
perturbed system. The choice of W,, W2 and W; depends 
upon the high- frequency and low-frequency specifications and 
to be match with the frequency-scale structure of the plant. 


VI. DESIGN EXAMPLE (TWO-TANK 
CHEMICAL REACTOR). 


We consider a LTI two-time scale system of Two-tank 
Chemica! Reactor, which is described by 


H 


r ve (LZ 


0 -I/e —2/ée 


1/2 1/55 0 0 
He -1/2 U2 0 ee 


0 
+] olu; ym=fl 0 0 apo 
0 x(t) 


l/e 


Let e =0.1 is the singular perturbation parameter. We want to 
design slow, fast, composite and full-order controller 
separately to meet Robust Performance and Robust Stability 
specification through H,,-control theory. We choose the filters 


wpe —POSS+0.01) wea to.t; 
(2s +0.01)(2es +1) 


= s(2€s+1) 
(0.55 +0. on’? 
To design full order controller we choose B= 0.51 and the 
whole problem is solved for y = 1 using Robust Control 
TOOLBOX in MATLAB. 
To design H,, controller for slow and fast sub- system, for the 
filters W,, W2 and W3, put for B=1 and e= 0. and change the 


frequency scale of*s’ to high frequency scale s = p/s and then 
put e = 0 for the fast subsystem. 


= some constant 


The obtained full order controller Ky,,(s), slow controller 
Knels), Fast controller Kie and composite controller Kere are 
shown in sec.-VIII. The step response and magnitude Bode — 
plot of the composite and full-order controller are shown in 
Fig (3) and Fig (4). The response of the full- order controller 
and the composite controller are almost indistinguishable in 
the two plots. 


VI. CONCLUSION 


The modeling of the control systems usually calls for higher- 
order dynamics. Singularly perturbation techniques are the 
simplification of higher-order dynamic models. In this paper 
thus the separation of time scale from the full-order plant and 
design of reduced order model controller and finally getting a 
composite controller achieve the simplified design procedure 
and eliminates stiffness difficulties and problem of ill- 
conditioning, also prepares for a more efficient hardware and 
software implementation of the controller. 


VIO. RESULT 


Step Response 


ray 
poo 
> 





100 200 3% 6400 500 Cw 70 BO 
Time (sec) 


Fig.. 3 
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Fast controller: 


Kmp) = 
5.803 p? +11.606 p +5.803 


p’ +120883 p? + 6044.19 p + 125.001 

Slow controller: 

Kils) = 

0.4155? +0.4385° + 0.1275 + 0.006 
s` +1,026s7 +0.2775 + 0.006 


and Kak(0) = Ka) = 0.4157 


Full-order controller: 


Kua(s) = 
s* +0.079s* +0483 +0.615V +0 295s? +0051 +0 0009 
17 +8 284° +21 4649 + 28 6s! +18 033" +4,003\? +0090; +0 0004 


Composite controller: 


Ket(S) = 
s +0.2729° +6 804s! +8 338r +3.519s7 +-04661+-0.008 
y +13 HSE +73 IZIS +190.368s" +144.912¢ +34.45427 +07873 +008 
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Abstract— Nonlinear estimation or filtering is the process of 
estimating and tracking the state of nonlinear stochastic system 
from Gaussian and non-Gaussian noisy observation datu, We 
address the special case where only the observation model is 
nonlinear but the noises are additive and Gaussian. The extended 
Kalman filter (EKF) has been the standard technique usually 
applied here. But, for severe nonlinearities, the EKF can be very 
unstable and has poor performance. Bayesian filtering requires 
integration over probability density functions that cannot be 
accomplished in the closed form for the general nonlinear, 
Gaussian multivariate system. Hence approximations are 
required. Several numerical techniques are presented that give 
approximate solutions for these integrals, including Gauss- 
Hermite quadrature, and Central difference filter. Performance 
of extended Kalman filter (EKF), Gauss-Hermite filter (GHE), 
and Central Difference filter (CDF) as applied to the bearing only 
tracking problem have been compared. The performances of the 
filters are compared in terms of accuracy and computational lead. 
With a simplified quantitative criterion for track-loss, relative 
occurrence of such track loss in batch Monte Carlo simulation has 
been used as a measure of robustness. 


Key words— Bayesian filtering, Central Difference filter, 
Extended Kalman filter, Gauss-Hermite filter, Monte Carlo 
simulation. 


I. INTRODUCTION 


ONLINEAR filtering problems consist of recursively 

estimating the state of a nonlinear stochastic system based 
on a set of a noisy observation data. It has many significant 
applications in many diverse fields including economics, 
biostatics, and numerous statistical signal and array processing 


engineering problem such as time series analysis, 
communications, radar and sonar target tracking and satellite 
navigation [1], [2], [3]. The Extended Kalman Filter (EKF) has 
become a standard technique used in a number of nonlinear state 
estimation. However, if the nonlinearities are significant, or the 
noise is non-Gaussian, the EKF gives poor performances. 
Recently, another real-time and accurate filter known as CDF 
and GHF for nonlinear filtering algorithms based on Gaussian 
distributions is reported [12].The motivation for the present 
study to explore the possibility of using CDF and GHF for the 
2D bearing-only target (BOT) tracking problem, and for 
performance comparison with EKF, we use identical truth model 
with Lin at al [8]. 


I. 2D BEARING ONLY TRACKING PROBLEM 
FORMULATION 


The nonlinear BOT problem may be visualized by a situation, 
where a low flying aircraft is tracing an ammunition train or an 
enemy ship. The problem formulation is the same as in 
{1},{2},[8]. 

In our scenario, a moving observer which may be ownship or 
platform at an approximately known altitude measures 
bearings to a target at altitude zero, and subsequently 
processes these measurements to obtain estimates of the 
position and velocity of the target in earth fixed co-ordinate 
system. Both the ownship and the target are moving parallel in 
constant velocity and in the same horizontal plane, so it ıs a 2D 
tracking problem. The observer model is nonlinear and both 
process and measurement noises are Gaussian. 

The nonlinear BOT problem consider has two components, 
namely, the target kinematics and the tracking platform 
kinematics as shown in fig.1. The target moves along x-axis 
according to the following state space relations 


x(k +1) = Fx(k) + G(k) wk) (1) 
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x(k) 0! T 
x(k) and x(k) represent the position along x-axis 


in meters and velocity in m/sec of the target respectively. w(k) 
is independent zero mean Gaussian white acceleration noise 


sequence with variance g=0.01m’/s*. The sampling 
period is denoted by T=Isec. The (unknown) true initial 


condition is 
80 
x(0)= l i l . 


The target motion noise covariance matrix may be computed 


2 
as O(k) = G(k)G™ (k) q = i "le 12 r] q 


[7414 73/2 ; 
Pe. T? 
A tracking platform with an airborne sensor moves according 


to the following discrete time equations: 
Xp(k)= Xp (k)+ Ax, (k) k=0,1,....-Mrep 


2 
where atr| | Fo i and aint / i 


where 


(2) 


y p(k) =F, (k) + Ay, (k) @) 
where x,(k) and y,(k) are the (known) average platform 
position co-ordinates and perturbations Ax, (k) and Ay, (k) 


k=, 1,....Macp 


are the mutually independent zero mean Gaussian white noise 
sequences with variances r,=1xT? m? and r, =T nf, 
respectively. The mean positions of the platform are: 


X (k)=4kT and Y, (k) =20 


The sensor measurement is 
Zm(k) = z(k)+ v, (k) 
Where 
y p(k) 4) 
x; (k)— x, (k) 


is the bearing between the x axis and the line of sight (LOS) 
from the sensor to the target and v,(k) is the zero mean 


Gaussian white measurement noise sequence with variance 


z(k) = hix (k), y, (k), x, (k)] = tan™ 


r= hF. The sensor noise is assumed to be independent of 
the sensor platform perturbations and sampling interval. 


The random component of platform motion induces additional 
errors in the measurements, which is nonadditive and already 
embedded in (5). The effect of these errors can be 
approximated as additive noise by expanding the nonlinear 
measurement equation as 


Zm(k) = hix (k), yp Esa (E+ v, (k) 
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= h[x p (k), Yp (k), x1 (KE) + WK) (5) 
where v(k) is the equivalent additive measurement noise given 
approximately by small perturbation theory as 
[FAx +12) (k)—X, (kK) }Ay' 9] 

[x (k)-%, (OP + Fp (k)? 
with variance R(k). R(k) is calculated considering Ax, (k), 
Ay ,(k) and wk) are mutually independent as 


v(k) = +y, (k), (6) 


wE 
TE T eH 


(7) 
{Lx (k)-¥, (KP? + ¥, (kK)? 


A. Filter Initialization 


Traditionally, tracking filters are initialised from first few 
measurements. 
From the measurement equation taking inverse transformation 


ORPESA OSALE AOTEA 
D E A TE aa a 


The initial position estimate £ (0) may be obtained from the 
first measurement z,, (0) and platform mean positions as in [8] 








R Y0) 
AOT O ae 
from which 
r Vp 
Hin) et et nae (8) 


However, in the present case, velocity estimation from first 
two samples would create large variance due to the large 
measurement uncertainty. This may be reduced by using prior 
knowledge about the target motion and as in [8] the initial 
velocity estimation is selected as %,(0)=0 and associated 
variance as Py (0)=1. The off diagonal terms P,.(0) and 


P,,(0) are taken as zero. 





Fig.] Tracking platform Kinematics 
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W. EXTENDED KALMAN FILTER 
Extended Kalman filter is the linearised Kalman filter 
algorithm and may be found out in many standard books and 
literature so we are avoiding the algorithm details. 
IV. GAUSS HERMITE FILTER 


A. Introduction 


In this section we describe the Gauss-Hermite Filter (GHF) 
algorithm, which is based on the Gaussian filter and Gauss- 


Hermite quadrature rule. 
Consider the nonlinear plant described by the state and 
measurement equations with additive noise as follows 


Xg = ODM, (9) 

y, = B(%,)+Y, (10) 
Dimensionally, w, € R", v, € R”, x, € R” and y, € R” 
of which x, denotes the state of the system and y, is the 
measurement at the instancek. f(x,) and g(x,) are 


general nonlinear functions of x, and k . It is assumed that the 
process and measurement noise and the random variable 
signifying initial values of the variable are uncorrelated to each 
other. It may be noted that filtering algorithm presented in this 
section need not constrain the model to have only additive 
noise. 


B. Filter Algorithm 


We consider the Gauss-Hermite filter is based on the 
Gaussian-Hermite quadrature rule is given by 


Š N 
f Foyet de Y wP) (1) 
R" (27)" s t=] 


x, 

Where g, =p" SiSm,x,and w, are the quadrature 
points and corresponding weights respectively. 

Let Â and P, be the starting values for the mean and 
covariance of the random variable x(0) . 

Filter initialization 

Set Fyy= Fy and Xp =$ 

Predictor step 


Compute the factorization: Fy =o Ss 


Generation of quadrature points: 

The quadrature points X, and weights w, are generated using 
the methods discussed in [12] 

Compute: x, = S7q, +X, 


Compute the mean and covariance: 


N 
Xap = DS Oy, (12) 


ial 


N 
Pap = Q+ py (f(%)- Xia XF (x) E Yw, (13) 


Corrector step 
Compute the factorization: P „y = 57S 


Compute: x, = Š Ta, +x, af 


Compute: 
Xe = Fy LOC) Za) (14) 
Pu = Peng -LPZ (15) 
Where 
N 
Za = >, g(x w, (16) 
tal 
x T 
PaF SG T Akat NE) Zn) W (17) 
i=l 


N 
P, =X (8(%,)-Z,e(%)—- Za)” w, (18) 
fal 


Lu =P (REP 


Recursion 


Estimates for the subsequent steps may be computed by 
repeating the predictor and corrector steps above. 

One of the advantage of this quadrature based filter is that we 
are not required to have the derivative of f andg. 


(19) 


V. CENTRAL DIFFERENCE FILTER 


Here we present the filter algorithm based on the central 
difference approximation. System dynamic and measurement 
model same as described in section IV. 


Let %) and F, be the starting values for the mean and 


covariance of the random variable x(0). 
Filter initialization 


Set Fyy= Fy and X= 


Predictor step 
Compute the factorization: Fy =S TS 


Choose a suitable scalar A and compute 
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i a hS™ = ee T ` 
ie fay + e) LENN hS e) m 
2h 
_ SO HAS e) -2F O) + S ay ASe) 


Hı k? 


` Where ¢& is the unit vector in the i” direction andl Si Sn. 


Compute the mean and covariance as 


2 “1 
Myatt =f) tz Hus , and (20) 
tæl 
A n 1 
Pay 50+ Daal +95 nH (21) 
i=l iml 


Corrector step 
Compute the factorization: Pyy = S'S 
Compute the central difference approximation as 


b= 8 (Fes +A e) - 8Cr -hS e,) oe 


2h 
8%. + hSe,) —28 (Xi) t+ 8am h"e) 
Gi = e eg 
, where lSicn 
Compute: 
Xi =f +L (y(k)—Z,,,) (22) 
P = Pp hE, A (23) 
Where 5 
l N 
Zin = 5, g(x w, (24) 
inl 
` T 
P= Xap BO) — Zia) W, (25) 
rl 


N 
P.=¥.(8(%,)-Z,e(%)—Zpa) Ww, 29 


Laa =P(R+P,)" (27) 
Recursion: 


Estimates for the subsequent steps may be computed by 
repeating the predictor and corrector steps above. 





VI. RESULTS AND COMPARISON 


We use the average root mean square error for our comparison 
of the methods [12]. Monte Carlo batch consisting of 10,000 
runs. For each run, random number generator was re-seeded 
with the clock. For robustness studies, 10 such batches were 
used. We defined a track-loss run whenever the absolute 
position error after the last (20s) time step failed to settle 
below a specified value Xj. In order to arrive at a suitable 
value of Xume the approximate frequency of failure in EKF 
was first determined manually by inspecting the error settling 
trends for the cases with large initial measurement error 
(x>170 m) [15]. Using MC runs in EKF, the value of Xim was 
gradually decreased from 80 m till the number of failures 
approximately matched the value obtained by and the variance 
of the frequency value from different batches were sufficiently 
low. By this iterative procedure, the value of Xmu Was set to 
15m [15]. Identical x(0) , P(O), O(k) and R(k) as described in 
Section H were used in batches of 10,000 Monte Carlo runs. 


The CDF was run using the step size h=+3 and for the 


GHF the qudratue points and the normalized weights are 
calculated as in section IV.The frequency of track loss with 
nominal parameters for all the filters and relative 
computational time are shown in Table I. The performance 
(RMS error) for small batches (100) Monte Carlo runs was 
found to be nearly identical to that of Lin et al [12], with 
allowances made for the randomness of small populations. 
RMS error settling for a batch of 10,000 MC runs 


Technique Mean 
Used Track loss 
frequency 
1 


i a a 


SD 

Frequency(over 

10 sets of 10,000 
MC runs) 









Computational 
time(sec) 












Table I: Frequency of Track-Loss (Per 10000 MC Runs) 


using EKF with the track loss cases removed are shown in Fig. 
2 (a)&(b). Ignoring the track loss cases, the rms error in 
position and velocity for about 10,000 Monte Carlo run is 
shown in Fig. 2 (a) & (b). The decay of position error of the 
CDF is initially slower than the EKF but is the same as EKF 
after 10 sec. Figure shows a comparative plot of the position 
errors of EKF, CDF and GHF in a representative case when 
there is a large initial mismatch. In case of GHF the cases of 
track loss (as shown in Table I) are far less compared to EKF, 
but slightly better estimates than CDF. But computation time is 
required for the GHF is high than the EKF and CDF. 
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Figure2 (6) RMS Velocity enor setting for EKF, CDF, & GHF 


VH. CONCLUSION 


The failure rate (0.271%) observed in the present work for 
EKF has been higher than that obtained (0.165%) by Lin et al., 
[8]. This may be attributed to different failure criteria being 
used. However, as we use the same criteria to assess all the 
filters, this should be adequate for a comparative analysis. 

The present study we have applied three filters namely EKF, 
CDF and GHF for bearing only tracking problem. The RMSE 
of position and velocity is compared. The EKF 
implementation, as expected, reduced computation time but 
did not have any impact on the error settling performance. 
Same features are observed for CDF and GHF also. Using the 
criteria for tack loss, CDF and GHF are found to be superior in 
terms of robustness i.e. lower incidence of track loss. 
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Abstract—In this paper, the concept of Linear Matrix Inequality 
(LMI) regions has been used for designing a robust controller for 
an inverted pendulum along with driving servo-system. The 
system is a parameter-dependent system and state-feedback 
controller is designed in order to satisfy a number of 
specifications. The closed-loop time domain specifications settling 
time and maximum overshoot have been taken into account. The 
designed controller turns out to be robust with respect to the 
uncertainties in the plant and gives satisfactory closed-loop 
system. 


Key words: Inverted Pendulum, Linear Fractional 
Representation, Lmear Matrix Inequalities, Robust Control. 


I. INTRODUCTION 


ODEL uncertainty and robustness have been a control 

theme in the development of the field of automatic 
control system. Improper modeling of the system, variations, 
perturbations in specific physical parameters of real systems 
lead to uncertainties in the model. A great variety of 
uncertainty in modeling can be handled easily by linear matrix 
inequalities (LMIs) and LMI techniques [1]-[5S]. LMI is very 
powerful design tool in system and control theory. Multi- 
objective control problem can be tackled with LMI techniques, 
due to its ability to include convex constraints such as pole- 
placement, H, performance and H,, performance [2], [4], [6]. 

This paper addresses the design of a robust controller for 
an inverted pendulum and its driver servo system. The output 
feedback control design method using LMI of an inverted 
pendulum system has been discussed in [5], [7]. The LMI 
framework is particularly well suited to multi-objective state- 
feedback synthesis [1], [4]. In the present paper, we address 
the design problem of the closed loop servo driven inverted 
pendulum system by both state-feedback and output feedback 
methods using LMI approach to get robust performance. 

A good controller should provide a fast and well-damped 
time response. Satisfactory transient response can be obtained 
` by confining the closed-loop poles within a suitable region of 
the left-half of the complex plane [2], [6], [8], [9]. This class 
of regions is the set of convex regions symmetric with respect 
to the real axis. These regions include relevant regions such as 
disks, half-planes, conic sectors etc., and any intersection of 
the above. 


Once the design specifications are expressed as a convex 
optimization problem involving LMI, can be solved 
numerically very efficiently using interior-point optimization 
algorithm [1], [10]. 

This paper is organized as follows. Section I gives the 
description of the servo-driven inverted pendulum system. 
Section WI gives the linear fractional models of uncertainty. 
Section IV gives the concept of linear matrix inequality, LMI 
regions, and state-feedback synthesis with quadratic stability 
via LMIs. In section V, the performance characteristics of a 
laboratory type servo-driven inverted pendulum system using 
present design method have been presented. 

The notations we use are as follows: 0 and C denote the 
sets of real and complex numbers respectively. For a real 
matrix P, P>0 (resp. P20) means P is symmetric and positive- 
definite (resp. positive semi-definite); || x || denotes the 
Euclidean norm of vector x. 


II. THE INVERTED PENDULUM CONTROL PROBLEM 


The inverted pendulum control system consists of a cart 
driven by a D.C. motor, and a pendulum attached to the cart 
(see Fig.l). Here our goal is to move the cart from one 
position to another along the track with the pendulum rod at 
the upright position and also to control the pendulum so that it 
remains in vertical position in any disturbance along with 
parameter variations. For the inverted pendulum system, x is 
the position of the cart, O is the angular position of the 
pendulum rod with the vertical axis, and u is control voltage 
applied to the servo-motor driving the cart. The mass of the 
cart, M; mass of the pendulum bob, m; the length of pendulum 
rod, / and the effective moment of inertia on the drive motor, 
Jm are the parameters of the system. We consider m and Jm as 
the constant but uncertain parameters. 


eervo-motor 


Pendulum bob 
C) 





Figl: Inverted pendulum with ite driver servo system 


349 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


The linearized dynamic equations of the inverted pendulum 
are: ; 
(M + m)i+ml6 =u (1) 
ml6 + mé = mgð , 
where g is the gravity constant, @ is the angular position of 
rod and x is the linear position of the cart. 
The state-space model of the inverted pendulum along with 
the driving motor (assuming armature inductance of the D.C. 
motor equal to zero) is 





x 0 10 0 x 0 

I 

: Ping +4 00 RBatK Ky Kr 

% L| ate?) I RM Sat?) RIUM?) (2) 
i 0 0 0 1 0 a 

%4 %3 

; rime RBK K, Kr 

X4 Jatt? * RUMP) LM R (J+M) 

where, 


R a = armature resistance; J m — moment of inertia of motor 
B „ = viscous friction coefficient; V, = armature voltage; 


K, =back-emf constant; K, = motor torque constant 
r= radius of the driving gear. 


In this case the state vector is 

X =(6 6 x x) =i n 4 A 

Here we assume that the mass m and moment of inertia Jm are 
uncertain but bounded: me [m - Am, m +Am}and 
da EU m ~My Jno AJ „] Where mo, Juo are the nominal 
values and Am, AJ,, are the uncertainties. Here, the system is 
the affine parameter-dependent system and depends on the 


uncertain parameters m and Jm. We accept the other 
parameters of the system as constant for the present study. 


Tl. LINEAR FRACTIONAL MODELS OF UNCERTAINTY 


Linear-fractional model is widely used in mathematical 
representation of uncertainty (see Fig.2). In this model, P(s) 
represents a nominal linear time-invariant system, which 
consists of the transfer function for the plant plus the system 
weighting functions, and A is a diagonal matrix containing the 
uncertain parameters of the system in lumped form [13], [14]. 
A is unknown, but bounded. Vectors q(t) and p(t) are the 
fictitious (not accessible) perturbation inputs and outputs. 


ule) 





Fig. 2: Lineer-Fractional Model 


The above multivariable system can be described by the 
state-space equations: 
ált) = Ax(t) + B u(t) + B, p(t) 
y(t) = C, x(t) + Dy, u(t) + D,, p(t) (3) 
g(t) =C, x(t) + D, pt) + Dut) . 
p(th=AQ@)q(t); |] A@ Is! 
where xe Ris the state vector, ue R™ is the control 
input and y€ NR” is the measured output. 


TV. LMI FRAMEWORK 
A. Definition of LMI 
A linear matrix inequality has the form 


F(x) =F, +9 xF, >0 (4) 
a ie] 


where xe R” is the variable, and F, = F7 eR™, 0,1, 
.. „mM are given. The inequality symbol in (4) means that F(x) 
is positive definite, i.e., u” F(x)u > 0 for all non-zerou E€ R”. 
An LMI is a set of n polynomial inequalities in x. i 
Multiple LMIs F, (x) > 0,...., F, (x) > 0 can be expressed 
as the single LMI diag((F,(4),.....F,(x)) >0. An LMI 
problem is an optimization problem over LMI constraints. 


B. LMI Regions 


In order to stabilize a system and to get satisfactory time 
response, the closed-loop poles should be confined within a 
suitable sub-region of the left-half of the s-plane, called LMI 
region. The concept of LMI regions has been used to 
formulate the pole-placement objectives in LMI terms. An 
LMI region is any convex subset D of the complex plane that 
can be defined as 

D={ec:h+2H+7H™ <0} 
where H and L=Z£? are real matrices. The matrix- 
valued function 


MG) = L + 2H + 2H” is called the characteristic function 


of D. 

The useful LMI regions include half-planes, vertical/ 
horizontal strips, conic sectors, disks etc. The characteristic 
functions of these LMI regions are given in [2], [6], [11]. 
Advantage of LMI regions is the availability of Lyapunov 
stability characteristics for such regions as described in [15]. 

In practical applications, LMI regions are often specified as 
the intersection of the elementary regions, such as conic 
sectors, disks or vertical half-planes. Given LMI regions 
DaDa: Du and their associated characteristic functions 
fo @), fo, (2); fon), the intersection 2 =2 N -~ N Dy 
is also an LMI region with function: 
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foD = diag fo (2) 


C. State-feedback synthesis with quadratic stability via. 
LMIs 
The system can be stabilized quadratically via. state- 
feedback u(t) = KX (t). For this the closed-loop poles are 
required to lie in some LMI region D contained in the left- 
half plane. In this section, we consider the state-feedback 
synthesis problem i.e., the problem of finding a state-feedback 
gain K that places the closed-loop poles in some LMI region 
D. With u = KX, the uncertain system (3) is quadratically 
stable if and only if [1] 
(AG + QAT + Bp Bp 
+B, RQ + QK" BT} 


uB D 
T 
+C Dau KY | g 


Dep BE + (Cp tDeukK}Q@ -eU — Dy DG) 


If there exist Q >0, uU>O0 [1]. 
With Y = KQ,, the closed-loop system is quadratically stable 
if there exist Q >0, u >0 Q>0, u>0 and Y such that 
(AQ+ QA" +uB,B3 = uB, DE, + OCT + YT DG, 
+B,Y + ¥7 BG) <0 
UDon BY +C + DY —yC — Dop D) 


The closed-loop system is robustly P -stable if the eigen 
values of the closed-loop system lie in D for all admissible 
uncertainties A. The robust stability, quadratic stability and 
relation between robust, quadratic stability are discussed in 
[16], [17]. 


V. NUMERICAL RESULTS 


We have used the data from the servo-driven inverted 
pendulum system developed in the laboratory [18] using 
chain-sprocket drive assembly for the cart. The numerical data 
for the parameters and constants are listed below in Tablel. 


Table 1- Numerical values of different parameters 


[Parameters and Constants | Symbols [ Value] 
g 
oag 
0 


Coefficient of viscous friction 


1.094 kg 


0.013N- 
m/rad/s 





Radius of driving gear r 
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Here we have considered parameter perturbation of 150% of 
both m and J,,.over their nominal values. For this case in 
order to balance the inverted pendulum on the cart one 
regulator problem and another tracking have been considered 
separately. For the regulator problem, we have designed a 
state-feedback controller to keep the pendulum in vertical 
position and for the tracking system, we have used output 
feedback along with state feedback. The closed-loop ' 
specifications for the system are: 

e The settling time is about 5s with minimal overshoot and 
zero steady-state error for the nominal plant P(A=0) for 
the cart movement in a step fashion. 


e The time-domain specifications must be met and the 
closed-loop system is internally stable for all 
perturbations Am and AJm. 





Fig. 3 Synthesis structure of the servo-driven mverted pendulum system 


The feedback structure of the tracking problem is shown in 
Fig.3. Here, r denotes the reference cart position; e and u are 
respectively the tracking error and control input. The control 
input is u =—KX + Kye. 

The closed-loop specifications are achieved assigning in the 
intersection of the half-plane x <—a& =—O , where o =0.25 
and the conic sector with apex at x=0 and angle 8 =1.5 rad. 
The LMI region is shown in Fig.4. 





Fig 4 LMI region 


We have tried the LMI techniques for both the regulator and 
tracking problems using fixed parameter as well as a nominal 
plant design with +50% perturbations in m and Jm. 

For the regulator problem, we obtain the gain matrices: 


Fixed parameter plant design: À 
K=[68.1102 8.6576 4.7770 22.3556] 
Nominal plan ign: 

K=[59.5810 7.5682 4.1759 21.4967] 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


For the tracking problem, we obtain: 

e Fixed parameter plant design: 
Gain matrix: K=[109.1843 15.9263 20.3670 34.0421] 
and forward path gain for tracking error K, = -8.8477 


ə Nominal plant design: 
Gain matrix: K= [99.4339 14.4974 18.5396 32.3812] 


and forward path gain for tracking error K; = -8.0539. 


The responses for the regulator system for initial conditions 
of 0.2 rad in pendulum position 6 and -0.1m cart position from 
equilibrium condition are given in Fig. 5 and 6. Fig five shows 
the performance with fixed parameter LMI design. Fig. 6 
shows the performance for two extreme parameter variations 
with nominal plant design. 


o 
N 


a 


[=] 
N 


[m] 
N 





Servo motor input (V) Can position (m) Pendulum angle (rad) 
© 





time(sec ) 
Fig. 5. Regulator performance with fixed parameter design. 


Servo motor input (Y) Cart position, (m) pendulum angla, (rad) 





time(sec ) 


Fig. 6 Regulator performance with nominal plant design. 


` 


For the tracking problem,, 4.69sec. settling-time and zero 
steady-state error are obtained. Fig. 7 shows the response with 
fixed parameter design and Fig. 8 shows the performance with 
nominal plant design with extreme but bounded variation of 
the parameters. The robust performance in each case shows 
that the parameter perturbation is well tolerated in the closed 
loop system in nominal plant design both in tracking as well as 
regulator problem. Note also that the stability, decay rate are 
robust within bounded variations in m and Jm. 





Servo motor input (Y) carn postion (m) pendulum position (rad) 


“oO 1 2 3 4 5 6 7 8 9 10 
tima(sec ) 


Fig. 7. Tracking performance with fixed parameter design. 


(=) 
i 





Oo 


Ser o motor input (Y) Cart postion, (m} pendulum angle, (rad) 


“o ¢ 2 #39 4 § 6 7 B 8 w 
tima{sec } 


Fig. 8. Tracking performance with fixed parameter design. 
VI. CONCLUSION 
In this paper tractable analysis and synthesis techniques have 


been discussed for robust pole placement in LMI region for 
inverted pendulum system. We provide a solution to the 


352 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


dynamic instability in the inverted pendulum system for 
parametric variation and uncertainties. The state feedback and 
output feedback design in a typical LMI region yielded robust 
performance of the controller for such an inherently unstable 
system. The linearized model of the mechanical system has 
been considered for the system design. The time domain 
performance exactly matched the desired specifications for a 
wide range of uncertainties in the parameters m and Jm for 
both the regulator and tracking system applications. The 
norms of output and input showed that minimum control effort 
required for acceptable disturbance rejection. The detailed 
friction model may be the area of further study for this design 
approach. 
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Abstract-— In this work, a sample-and-hold function (SHF) set 
and Dirac delta function (DF) set are employed for 
microprocessor-based identification of sample-and-hold systems 
as well as discrete time systems. The method is applicable for 
identification of control systems with known input and output 
sequences, in absence of measurement noise. It uses different 
operational transfer functions defined in SHF and DF domains to 
identify first order open loop as well as closed loop systems. The 
results of identification match nicely with exact solutions derived 
via conventional z-transform analysis. Supporting experiments 
have also been carried out to establish the method. 


Key words— Dirac delta fonction, Identification, Orthogonal 
functions, Operational matrices, Sample-and-hold function. 


I. INTRODUCTION 


Piecewise constant basis functions (PCBF) have a very 
rich history [1] starting from the year 1910. With progress in 
research in the area of such kind of orthogonal functions, it 
was found that the block pulse function (BPF) set was the 
simplest as well as the most efficient [2] amongst its sister 
functions. The BPF set encouraged many researchers to invent 
similar sets for different applications. One such work by Deb 
et al [3] introduced the sample-and-hold function (SHF) set for 
solving problems related to sample-and-hold systems and they 
also used Dirac delta functions as a set [4] to solve discrete 
control system problems using operational technique. 

In the present work, Dirac delta function set and sample-and- 
hold function set are used for microprocessor-based 


identification of discrete time as well as sample-and-hold 
systems. A first order open loop system and a closed loop 
sampled data system — with/without hold device have been 
identified and the results obtained are compared with exact 
solutions. Experimental support for the above method has also 
been carried out. 


i. DIRAC DELTA FUNCTION (DF) SET AND SAMPLE-AND-HOLD 
FUNCTION (SHF) SET RELATED OPERATIONAL MATRICES AND 
OPERATIONAL TRANSFER FUNCTIONS 


In a packet-switched network, a feedback-based congestion 
control mechanism is essential to provide data transfer services 
efficiently. Its main objective is to prevent packet losses in the 
network, and to utilize network resources effectively. The 
Random Early Detection (RED) algorithm is simply a 
congestion avoidance technique. It monitors network traffic 
loads in an effort to anticipate and avoid congestion at 
common network bottlenecks i.e. the scheme kicks in before 
any congestion actually occurs. 


A .Dirac-delta function (DF) 

For a linear SISO control system, with the usual notation, we 
can write, 
C(s)=G(s)R(s) (1) 
We can express the sampled version of the input r(t) and the 
output c(t) in terms of an m-set delta functions [4] as 


rj=RA,, © 
cx(=cA,, @) (2) 


where, R and C are the coefficient matrices for input and 
output expressed in DF domain. 
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Let us take a first order plant as, 


G(s)=(s+a) ‘=a '(as"!-a’s4+a°s”.... +0) (3) 


The respective DOTF [4] may be obtained as 
DOT¥F= [[ | exp(-ah) exp(-2ah) exp(-3ah) exp(4ah) .... 


exp(m-1)ah]]m x n (4) 
a b c 
where, [fa b c]]=] 0 a b 
0 0 a 


Using DOTF in equation (1), we can write 


C=R DOTF (5) 
This is the key equation for delta domain analysis of SISO 
control system. 


B. Sample and Hold Function (SHF) 
Though the art of sample-and-hold technique is quite old in the 
literature, Deb et al [3] was the first to define a set of 
piecewise constant basis functions (PCBF) which used the 
property of sample-and-hold in a very special manner. 
SHOTF for the plant G(s)=(st+ay’ can be derived by 
expanding G(s) binomially and replacing integrators of 
different orders by their SHF operational equivalents. Thus, 
SHOTF=(1-exp (-ah))[[1 exp(-ah) exp(-2ah) 

a 


.e EXp(m-İ Jah] ]mxm (6) 
Hence from (1), we can write in SHF domain, 
C=R SHOTF (7) 


where, C=output vector of the, system in SHF domain, R=input 
vector to the system in SHF domain. 


Ul. IDENTIFICATION OF FIRST ORDER SISO CONTROL SYSTEM 


USING DELTA FUNCTION 
We know, from equations (2) and (4) 
R=[to n 12... Timi) (8) 
C= [cp Ci C2... Cmi] (9) 
DOTF= [[go 81 £ --- Smt] mam (10) 


Putting equations (8), (9) and (10) in equation (5) we get, 
Bo=Co/to, and 

i 
g = Cdra DL (tp/to)] Bip 

p=! 
where i =1, 2, 3, 4... (m-1) 
Equation (11) will now be used to find out the time domain 


. component of the sampled data SISO control system as shown 
in Fig.l and 2. 


a) 






5 
RUs) r oo Cl(z) 
I s 1 
eek Cls) 
Sampler Plant 


Fıg.1 Open loop discrete control system having 
first-order transfer function. 


Gl(s}=(St1y} 





Fig.2 Simple feedback control system with sampler at the input 


Observation 

The following curve shows a comparison of the exact 
solution of G(z) using z-transform analysis with DF domain 
analysis for the sampled data system without any hold device. 


1 Plant Transfer function G(s) =1/(s+1) with step input. (m=16, 
h=1/16 s) 


Solid line :G(zj Theoretical 
Dotted line :G(z} Experimental _ 





Fig.3 Coefficients of G(z) computed via DF domain compared with the result 
obtamed via z- transform analysis 
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2. Plant Transfer function G(s) =1/(st+2) with step input, (m=16, h=1/16s) 


Solid line 


:G(@) Theoretical 





Fig 4 Coefficients of G (z) computed via DF domain compared with the 1esult 
obtained via z- transform analysis. 


IDENTIFICATION OF FIRST ORDER SISO CONTROL SYSTEM USING 
SAMPLE-AND-HOLD FUNCTIONS 


R, C and SHOTF in equation (7), can be expressed as 
follows: 


R = [ro Ty [2 Beans Imi] (12) 
C= [cg Cy C2 C3........ Cot] (13) 
SHOTF= [(1-gi)/a].[[0 go gı . 2n-2]] (14) 
Hence, [Co Ci Cz C3.......:Cm-t] 
=[ty n TF... Tmil(Cl-g:/aj{[O go 
81 B2 83----Ln2]] (15) 


For a first order system, like an RC network, the 0" element 
of the plant in z-transform analysis is unity. Hence, we have 
from equation (15) 
g= 
Bi=Ca/C)- ry/Tp 
i-p 

So, gi=(C+1/¢:1Y/t0)-L(rp/to) Bi-p (16) 
PH 

where i= 2, 3, 4... (m-2). 


Observation 

The following curves show the comparison of exact solution of 
G(z) using z transform analysis with SHF domain analysis for 
sampled data systems with hold device. 


V. MICROPROCESSOR BASED IDENTIFICATION OF LINEAR SINGLE 
INPUT SINGLE OUTPUT (SISO) SAMPLED DATA SYSTEM VIA SHF 
APPROACH 


The basic philosophy of microprocessor-based simulation of a 
linear SISO sampled data system is to configure the system 
impulse response with the help of a program. This is done in 
such a fashion that when samples of the input signal and the 
output signal are accessed by the 


1, Plant transfer function G(s) =1/(s+1) (with unit step input and m=16, 
h=1/16s ) 


| Solid line :G(z) Theoretical 





Fig.5 Coefficients of G(z) obtained via SHF domain approach compared with 
the results obtained via z-transform analysis. 


2. Plant transfer function G(s) =I/(st+2) (with unit step input and m=16, 
h=1/16s ) 


£ :G(z) Theoretical 
Dotted line :G(2) Experimental 


ee : Solid line 





Fig 6 Coefficients of G(z) obtained via SHF domain approach compared with 
the results obtained via z-transform analysis. 


microprocessor, the program accepts those samples values and 
come up with samples of the system function (g(t)) in time 
domain, giving the impulse response. 
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Inclusion of a zero order hold (Zo) in the system having a 
transfer function G(s) introduces an additional transfer 
function 

Gio(s)=[1-exp(-hs)]/s where h is the sampling period. Using 
equation (15), for a step input (in this case 1.5v), for the plant 
G(s) =1/(s+a), 


Bi = Mer (Cite) 
where, i= 0, 1, 2, 3, 4, ...., (m-2) 


(17) 


Hence, knowing the samples of the system output i.e. c,, the 
coefficients of G(z) can be computed. 


A. Brief description of the experiment 
Parameters of the system are 
0 when t=0 
r(t)= 1.5v = 
i when t0 
R=I MQ, C=1pF and G(s) = 1/(s+1). 
Results obtained from the experiment is shown in Table I 


Table I 


so 
Se ee Ra eae 


a 
Ca we 
a 
ee 
= 
2.0 


















1.201 


22 


2807/05/11 12.50710 age orral 
3 7 In 


1.342 


@ $80 Udiy 
DC Futi 


6.500 Watiy 
we Fell 


Fig.7 Input and output of the system obtained from digital storage 
oscilloscope (DSO) 


Piot of coefficient of the system 





& 
k 


Fig.8 Coefficients of G(z) : theoretical as well as experimental, obtained via 
SHF domain, 


, 


B. Algorithm for the microprocessor program 

1. Take m number of samples of the system output. 

2. Multiply the samples by 1000 (decimal) for reducing error 
in base conversion. 

3. After multiplication, round off the fractional part. 

4. Store the sample values in consecutive memory locations of 
the microprocessor. 


5. Subtract c; from cj; to get the i sample value (gi) of the 
system. 


6. Multiply the result by i/c,. 
7. Repeat the process for (m-1) times. 


Obviously the final results are to be scaled by 1/1000 to get the 
actual results, which match the computed output of the system 
nicely. 


VI. CONCLUSION 


The present work identified successfully the time description 
of a sampled-data system, having a pulse transfer function 
G(z), via Dirac delta function approach. Since impulse 
sampling is not possible in practice, the work used theoretical 
time samples of input-output data and computed the 
coefficients of G(z) by employing a microprocessor. This has 
been done for two systems having transfer functions (s+1)' 
and (s+!)° and the results were compared with those 
determined via conventional z-transform technique. 


Similar studies have been done with the same systems with 
sample-and-hold via SHF domain approach. Theoretical 
values of input-output samples were used and a 
microprocessor was employed to compute the coefficients of 
the pulse transfer functions. Again, the results were found to 
be in concurrence with those obtained via z-transform analysis. 
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Finally, a plant having a transfer function G(s)=(st+1)' was 
designed using appropriate circuit elements and an 
experimental set up was used to identify the plant G(z) by 
employing a microprocessor. The results of such experimental 
study were compared with the theoretical results and figure 8 
shows that they conform reasonably. 
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Abstract—This paper addresses the problem of robust 
stabilization of uncertain Markovian jump linear systems. The 
uncertain markovian jump system under consideration involves 
parameter uncertainties in the mode transition rate matrix. The 
results given are expressed in terms of linear matrix inequalities 
(LMIs) in order to formulate the synthesis problem of a robust 
feedback controller. Finally, numerical simulations are tested to 
prove the developed theory. 


Key words— jump linear system, polytopic uncertainty, linear 
matrix inequality, robust control. 


I. INTRODUCTION 


AS deal of attention has been given nowdays to a class 
f stochastic linear systems subject to abrupt variations in 
their structures, namely, Markovian Jump Linear systems 
(MILS’s). This family of systems is regarded as a particular 
class of stochastic systems modeling by a set of linear systems 
with the transitions between the models determined by a 
markov chain taking values in a finite set{3][4]. 
MILS also belong to the category of hybrid systems: to the 
usual continuous state variable, one appends a discrete 
variable called the mode that describes sudden changes. 
This class of systems was initially studied by Krasovskii and 
Lidskii[5] and more recently received a renewed attention, 
motivated by various applications from different physical 
systems like manufacturing systems, maneuvered target 
tracking, speech recognition, production systems, 
. telecommunication systems, economic problems.. .[6] 
The aim of this paper consists of given the sufficient 
conditions, which guarantee the stability robustness of the 


parameters. 

The paper is organized as follows: in section 2, we give a 
general formulation of problem statement. In section 3, we 
consider the class of uncertain Markovian jump linear system 
with a mode transition rate matrix witch varies into a fix 
polytope. The analysis problem can be tackled in terms of the 
solvability of a set of coupled LMIs, we obtain sufficient 
conditions ensuring mean-square stabilisability. A Numerical 
example is also given. 


II, PRELIMINARES 


We consider a linear Markovian jump system defined by the 
following equations [2]: 


Sy = A(r) x0 + Bir ult 
YD = Clr) AD + D(ruld 0) 
Mt) =X. Eh 


Let (x(t),r(t)), represents the state of this class of systems. The 
parts x(t) is called the continuous state of the system. The parts 
r(t) is called the mode of the system and ıt describes the 
stochastic aspect. 


x(t) € IR", y(t) € IR? u(t) e IR”, xp € IR" and I are 
respectively the state vector, the output vector, the control 
vector, the state and the initial mode at time tą of the system. 


A(,),B(;,),C(,) and D(r)are constant real matrices of 
appropriate dimensions representing the nominal system 
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matrices at time t and correspond to the different modes, 
function of a random process {r,,f 2 fo }corresponding to the 


discrete state of the system. This discrete state is governed by 
a continuous-time Markov process n , called mode, tacking 
values in a finite set S = {12,0 5$C IN . For each possible 


value of r(t) € § , we have 
A(r(1)) = A,, B(r(t)) = B, when r(t)=i 
The mode transition rate matrix is defined by: 


The m; ‘s are transition probability rates from the i-th mode to 
the j-th mode described by the following relations: 





r ,dt + o(dt if i # 
Ptr, fo jir, = i}= y ( ) j 
1+2,,dt + o(dt) else 
Where a — 0 when dt — O and verify: 
nt, 20 Vy Hi 
a, 7-H, = ; Ry 


Moreover, the probability vector P = [ Pl,» p? ] with 


p, = P(r =i),i € S verifying the following equation: 


Py = (Poss Pa) 
When Po is the initial probability vector of the process 


fr te ty} at time ty and have the solution: 


P=Pe", 120 
Then, going from an initial given 
condition X(f) = X97, =!ES, the system evolutes 


respecting to the dynamic described by the equation (1) 
arriving to the first jump 7; = JES atthe time T,, governed 


by the exponential law with a rate 7, and a distribution law 
P {T, >t}=F(t) defined by: 


g5 io) 
F(= , 
0 ; pour t2T, 


We have the following definitions and propositions throughout 


pour t<T, 


the paper. 
Definition 1 [1] the nominal Markovian jump system (1) (with 
u(t}=0) is said to be mean square stable if 


lim E{|x(t,x5,7)f }=0 


For any initial conditions x, € JR” and r, € S. 

Proposition 1.1{1] the nominal Markovian jump system (1) 
(with u(t)=0) is mean square stable if and only if the coupled 
LMIs 


à 
A'M, +M, +9 TM, <0 forall ie S 
jal 
Are feasible for a set of matrices Mm, :M e S™ ie s} 
Proposition 1.2[1] the MJLS is stabilizable in the mean square 
sense if there exist matrices Y and real, symmetric matrices 


Q, such that 


A.Q,+Q,A? +B,Y, + Y7 B7 +5 r, <0 


J=l 
Holds forall iE S. 


A  stabililizing control law is then given by 
ult) = K(r())x() = K x(t), with K(r(t)) = Y Q7 
when r()=1. 


DI. ROBUST STABILIZATION OF THE MJLS WITH POLYTOPIC 
UNCERTAINTY IN THE MODE TRANSITION RATE MATRIX 


The problem of analysis and synthesis studied on robust 
control of MIJLS are supposed that the transition probabilities 
are known precisely a priori. 
In applications, however, values of mode transition rates are 
only estimated. 
So, real physical systems can be described by means of an 
uncertain model and robust control theory has taken in 
consideration the influence of this uncertainty in the stability 
and performance control systems. 
We consider the following MILS defined by: 

H(t) = ACDA) + BOF))u(t) (2) 
The mode transition probabilities 


ifit j 


7 dat oe dt + o(dt) 
P, Ọna = ja ==] : else 


l+ #,dt + o(dt) 
nà 
The mode transition, rate matrix U=ĝ, are not precisely 
known a priori but belong to a fix polytope P: 


7 L L 
p-fħ=5 an \A, 20,k=1..L, 4A, -1| 
k=] 


k=) 
The number of vertex matrices is: 
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Lae 
And M= (Ti eae k=1....L are given transition 
probability matrices. 
The aim of this part is to stabilize in the mean square sense the 
closed-loop system via a state feedback controller{1]: 


u(t) = K(r(t))x(t) = K,x(t) when r(t)=i (3) 
Theorem 3[]: there exist a control of the form (3) such that the 
closed -loop system (2) is mean square stable for 


every Â<) E P if the LMIs 
Q, >0,A.0,+0,A7 +BY, +Y7 B7 +> 240, <0,i€ S,k=1,...4L 
sal 


Hold for some Q,,....Q, and Y,,...,¥, .A stabililizing control 


law is then given by (3), with K(r(t)) = ¥,Q7" when r(t)=i. 
The problem of robust stabilization via a state feedback with a 
polytopic uncertainty in the mode transition rate matrix is 
therefore equivalent to the check the solvability of 
(L+l)snX(L+I)sn linear matrix inequality with respect 
to(n(n+1)/2)s scalar variables. 

Numerical example: : 

We consider a MJLS described by three modes with a 


transition rate matrix uncertain Aiar 

Where IT° is a given nominal transition probability matrix and 
6 is an unknown-but-bounded parameter: 6 € [0.1 2] 

The dynamic of the system is described by: 


0 010 0 0 10 
TE a a ae re 0 01 
-1 1 00 -13 13 0 0 
1 -100 1.2 -12 0 0 
0 0 10 
ne 0 0 0 1) 
Ae GF 0-8 
-1.5 15 0 0 
0 0 0 
spaced O lige OL 0 
aP is se 17? 
0 0 0 
-2.24 1.792 0.448 
Tl’ =| 3.36 -5.04 1.68 
224 196 42 


According to the proposition (1), we conclude that the system 
studied is not stable in the mean square sense. 
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The objective of this first part is to find a state feedback 
controller of the form (3): 


K,x(t) si r(t)=1 
ult) = K x(t) = K(r())x()=4 K,x(t) si r(t)=2 
K,x(t) si r(t)=3 
Assuring the stabilization in the mean square sense of the 
nominal system. 
Therefore, the problem designs the stabilization of MJLS with 
the nominal rate transition matrix II° . 
The synthesis problem can be tackled in terms of the 
solvability of a set of coupled LMIs using the proposition !.2. 
We obtain the following three controllers: 


K, = [-28.6264 10.5550 -13.2130 -29.4331] 
K, =[-9.5542 2.5682 -3.7899 -10.0681] 
K, =[-16.7728 14.6507 -4.3485 5.9250] 


Such that the resulting closed —loop system: 
| H(t) = A, (r(@))x(0) 
is mean square stable. 
A,+B,K, si r(t)=1 
Where: A,,(r(t))=4A,+B,K, si r(t)=2 
A,+B,K, si r(t)=3 


In order to check the robustness of the nomina! state feedback 
control law u(t), we vary the parameter O€ [0.1 2]. 


Solving a LMI feasibility problem that gives necessary and 
sufficient conditions which guarantee the mean square stability 
of the system, we remark that the closed loop system with a 


A 
transition rate matrix uncertain T1=OI1° is instable. This is 
proved that the nominal state-feedback contro] law is not 
robust. ‘ 

In this second part, we will apply the theorem 3 which takes in 
consideration the polytopic uncertainty affecting the rate 
transition matrix and procures a sufficient condition for the 
robust stabilization of the system via LMI. 

We obtain the three robust controllers above: 


K, =10°x[-2.0647 1.8046 -0.1717 -1.9330] 


K; = [-223.3543 206.8172 -19.8567 - 109.8256 | 
K, = [-141.3400 146.0244 -14.0323 42.2542] 
The state feedback control law: 
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K,x(t) sir(t)=1 
i(t)=<K,x(t) sir(t)=2 
K,x(t) si r(t) =3 
And the closed -loop system: X(t) = A, (r(t)) x(t) 
A,+B,K,_ si r(t)=1 
Where Ag(r(t))=4A,+B,K, si r(t)=2 
A,+B,K, si r(t)=3 


With this control law, the system is stable for any value of the 


wf 
transition probability matrix IT = 811°, withô € [0.1 2] F 


Fig.1. Closed-loop system with nominal state feedback 
control law for ó = 0.9 


M a 4 2 3 4 5 6 7 8 g 10 
4 
4 2 
nar a a T E SS; SF 8 9 1 
3 
z 2 
‘9 1 2 3 4 6 6 7 8 9 10 
Temps (second) 
a 
3 it) 
25 ni z s a 6 G 7 B R W 
Temps (second) 


a 


Fig.2. Closed-loop system with robust state feedback 
control law for ô = 0.9 
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IV. CONCLUSION 


A wide variety of problems arising in systems and control 
theory can be reduced to a handful of standard convex 
optimization problems that involve matrix inequalities. 

In this paper, we tackle the problem of stabilization of jump 
linear system via state feedback. Necessary and sufficient 
conditions are given when the rate transition matrix is exactly 
known. A robust state feedback contro] law is determined in 
the case of an uncertain Markovian jump linear system with a 
mode transition rate matrix witch varies into a fix polytope, 
our stabilization conditions are sufficient. 
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Abstract—In this paper, we propose a new sufficient condition of 
stability via static output feedback for discrete linear time- 
invariant systems. It is based on the application of the 
singular value decomposition to some variable matrices. This 
new approach is also extended to polytopic uncertain 
systems, Numerical examples are provided to illustrate the 
relevance of the new condition. ` 


Key words—LMI, Lyapunov theories, polytopic uncertainty 
Stability, Static output feedback. 


L INTRODUCTION 


On control theory, the first goal is to assure the stability of a ` 


system. Many approaches and methods are developed in the 
context. 
They treated essentially the stability problem by static state 
feedback [11], dynamical output feedback [4]. 
The static output feedback (SOF) problem has been also 
investigated. It is still considered an open topic. In fact, the 
principal problem appeared on SOF synthesis is the non- 
convexity. It is principally due to the bilinear terms, which 
appeared on the problem formulation like the BMI when we 
use the LMI formulation. In this case, the BMI are highly non- 
convex optimization and solving them was shown to be NP- 
hard [12]. 

Divers searches are developed in the aim to find a better 
solution to this SOF synthesis. 
We distinguish methods using BMI formulation [8], we have 
- also methods based on Riccati equation [5]-[10] or on 
algebraic Riccati inequality [6], min-max algorithm formulated 
by LMI [7], approaches using an iterative LMI algorithm [1], 
or others LMI formulation called substitutive [3] and convex 
approaches based on LMI formulation [2]-[9] which present a 
sufficient condition to SOF synthesis. 

In our research, we investigate a new approach based on 
LMI formulation. In fact, this approach provides a new 


sufficient stability condition which does not depend only on 
the Lyapunov matrix but also on additional matrix variable. 
This new approach can be applied to certain and uncertain 
systems with polytopic uncertainty. 

The paper is organized as follows: first we present in section 
II the static output feedback (SOF) problem formulation. 


Second, in section II] we propose a new sufficient robust 
quadratic stability condition for SOF synthesis. In this section 
we consider the discrete linear time systems certain case. 


We show also that it is possible to extend the idea of our 
contribution to the uncertain systems case with polytopic 
uncertainty. In this case, LMI conditions based on parameter 
dependent Lyapunov functions are given. This part is 
developed in section IV. We finish this paper by numerical 
examples in section V to illustrate our results and to provide a 
comparison with existing methods. 


For conciseness reasons, some abbreviations are used. 


its verti (A)= A+ A” and eel 
vertices, sym: = = 2 
i = Œ cl] |B" c 


Il. PROBLEM FORMULATION AND PRELIMINARIES 


We consider the discrete linear time-invariant system 
described by the following state space representation (1): 


Xa = Ax, + Bu, (1) 
n= Cy, 

where x, eR” is the state vector, u, e Ris the control 

input and y, eXR?”is the measured output. A, B,C, are 


constant matrices of appropriate dimensions. 
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The following assumptions are made: 


e The pairs (A, B) and (A, Cy) are stabilisable and 
detectable respectively. We can suppose also that the 
matrix Cy is full column rank. 


In this paper, we treat the static output feedback problem 
(SOF). It consists essentially to find a stabilisable SOf gain 
verifying the following control law: 


up = Kyk (2) 
In this case, the closed loop system is: 


ee = AgX, 


(3) 
Yi =C, xX, 


where A, =A+BKC,. 


In the next section, we introduce the new robust stability 
approach via SOF which represents a sufficient condition. 


IL IMPROVED LMI CONDITIONS FOR STATIC OUTPUT 
FEEDBACK STABILIZATION 


We represent in this section a new sufficient condition which 
represents the main contribution of this paper. We consider in 
this section the certain case. 


Let us consider the discrete linear time invariant described by 
(3). 
Theorem 1: 
System (3) is asymptotically stable by static output feedback if 
there exist a matrix(P>0)eR™, a general matrices 
G E RP? GER?" and a matrix Re R”? such that 
the LMI (4) is feasible: 


P AVG V? +V,G,V7 )+BRC, (4) 
(*)  sym(V,G,V," +V.G,V2 )—P 
A quadratically stabilizing SOF gain is then given by 
K = RUC,G;'C,'U" (5) 


Proof: 

It is shown in [li] that the general system (3) is 
asymptotically stable if and only if there exist a matrix 
(P >0)e R", and a general matrix Ge R” such that the 
LMI (6) is feasible: 


AG 


P 
>0 (6) 
j sym(G) - A 


In the case of output feedback problem SOF synthesis, 
replacing A,, by its expression, the matrix inequality (6) 
becomes: 


P AG+BKC,G 
lo “om? | i 


©)  sym(G)-P 


This new inequality admits a BMI term given by KC,G 
and cannot be solved by the LMI toolbox. 


For this reason, we introduce some transformations to (7): 
e Giving a specific structure to the matrix G. 


e Simplifying KC,G by using the singular value 
decomposition (SVD) of the matrix C, such that: 

C,=U[C, OV (8) 
whereUe RP VER” are both unitary matrices and 


CoEeR”?. 


We suppose that the matrix G has the following structure: 
G 9 
o-v| : v (9) 


where G eR”? , G,ER PM?) and VER™ isthe 
matrix obtained by (SVD) of the matrix C, . 
We suppose, also, that the matrix V can be writing as follows: 


V =f, v,] (10) 
where V, e R°? et V, e RUP, 


Consequently, by mixing (9) and (10), the matrix G has the 
following expression: 
G =V,G V] +V,G,V7 (il) 


In the other side, let us simplify the KC,G term of the 
inequality (10) by using (8) and (9) as follows: 


G, 0 
KC,G=KuU[c, OW'y ! v7 (12) 
À 0 G, 
Simplify (12), we have: 
KC,G=KU[C,G, 0V7 (13) 
The equality (13) can be also written as follows: 
KC,G=KUC,G,C;'U“U[C, OW” (14) 
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Therefore, we introduce the matrix Re R™? such that: 


R = KUC,G,C,'U™ (15) 
So, the equality (14) is given by: 

KC,G=RU[C, OV" (16) 

Finally (16) is equal to: 

KC,G=RC, (17) 


The inequality (7) is simplified as follows by replacing G by 
(1!) and KC, G by (17): 


(18) 


P. AV,G,V," +AV,G,Vz + BRC, 0 
(*)  sym(V,G,V,’ +V,G,V7 )—P 


If the LMI (18) is feasible, the static output feedback 
controller is given by: 


K =RUC,G'C#uT (19) 


Remark 1: 


The approach of robust stabilization for SOF proposed in 
this section is based on sufficient condition which is 
restrictive. And this is due to the imposed structure introduced 
to the matrix G (9). 


IV. IMPROVED LMI CONDITIONS By SOF FOR UNCERTAIN 
SYSTEMS 


The main advantage of the new approach of SOF given in 
the previous section is that it allows to decouple the 
computation of the SOF gain and the computation of 
Lyapunov matrix. This result allows us to derive a new 
sufficient condition of robust SOF based on parameter 
Lyapunov functions. 


We will consider the following discrete linear time-invariant 
system: 


ie = Ax, + Bu, (20) 


y= Cx, 


In this section, we assume that the matrices that characterize 
the system (20) are uncertain. 


We define the matrix M that: 


(21) 


such 


Hence, Q is a convex polytope of matrices for which each 
element may be expressed as a convex combination of the N 
vertices of Q : 


N 


ME)=[AE) BO]= HELA’ e] (22) 
where tezela $g zo) (23) 


The uncertain vector of parameters Ë is supposed to be 
time-invariant so that the realization of the model (22) is not 


time-varying. When necessary, the 
notation[A(E) B(E)],VEE= instead of [A B]eļQ will 
be used in the sequel. 


The problem imposed in this paper is to find a stabilizing 
static output feedback control law u, = Ky, for the model (21) 
i.e. to find a single gain K e R” such that every member of 
the polytope Q, = COL AL sn AY } maintains eigenvalue 
location in the unitary circle and where Ay = A' + B'KC, for 
all i=l, N. 


Theorem 2: 

Q is said to be quadratically stabilizable via static output 
feedback if there exist a common matrix (P >Qe R”, 
generals common matrices G, e R”? ,G, e RPM”) and a 


common matrix Re R”? such that the LMI (24) is feasible 
forall @=1,...,N: 


P A'W,GV! +V,G,V7)+B'RC, 7 (24) 
(*) sym(V,G,V +V,G,V; )—P 
A quadratically stabilizing SOF gain is then given by 
K = RUC,G;'C;'UT (25) 


Proof: 


Let us consider the following general discrete linear time- 
invariant system: 


Apa = Ag Xe 
Yı =C,x% 


According to [13] and [11], it is proved that that the system 
(26) is robustly stable in the uncertain domain (21) if and only 


if there exist a symmetric matrix (P(€)>O0)ER”™ and a 


(26) 


general matrix G e KR such that: 


ea A,@)G |> öğ 


2 
(*) sym(G)- PẸ) Z 


365 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


x N 
where POES ER, SE, =1 represent 


fa] ixl 
parameter dependent Lyapunov functions . In this way we 
choose a common P, such that P(E) = P used at all vertices of 
the polyhedron (21). 

Consequently, the system (20) is robustly stable in the 
uncertain domain (26) if and only if there exist a symmetric 
common matrix (P>0)eNR””and a general common 


matrix Ge R” such that: 


i ALG [>o 
©) sym(G)-P 


an arbitrary 


(28) 


holds for į =1,...,N . 


In the case of output feedback problem SOF synthesis, we 
replace the matrix A’, by its correspondent expression. 
We obtain the developed form of (28) as follows: 


1 i 
p A'G+B eae (29) 


(*) sym(G)-P 


This new inequality admits a BMI term given by KC,G 


for all the polytope. To solve this problem, the same procedure 
can be applied as ın the proof of section M , for every member 


of the polytope Q=coffA' B'],....[A” BY ]}, t0 
’ convert the inequality (28) into the inequality (24) in 
theorem 2 . 


V. NUMERICAL EXAMPLES 


In this section, we present the results or our experiments to 
show the performance and the improvement contributed our 
approach. Our experiments are represented by numerical 
evolution of our method presented in section 3, in comparison 
to [2] and [9]. 


To compare our approach of robust stabilization by SOF as 
presented in section 3 with approaches developed in [2], and 
[9]. We defined a two class of systems. The first and the 
second one are composed by 100 systems choosing aleatory 
and verifying hypothesis Each system of the first class has 
n=3, m=! and p=2 and for the second class it has n=5, m=2 
and p=3. 


The purpose of this comparison is to find the percentage of 
systems in each class which could be stabilizable by SOF 
using the different methods. 


The results are illustrated in Fig.1 and Fig.2. 


by SOF 


E 
E 
a 
% 
E 
3 
3 
; 
d 





Fig. 1: The percentage of first class systems stabilzable by 
different methods 


For the first class of 100 systems, the methods [2] and our 
approach given by the Theorem lallowed to stabilize 100% 
of these systems while the method [9] worked successfully for 
91% of them. 


i 
= 
i 
ba 
3 
ž 





Fig.2: The percentage of second class systems stabilzable by 
different methods 


However, for the second class of 100 systems, the methods 
[2] and [9] allowed to stabilize a 42% and 76% of these 
systems by SOF respectively while our approach given by the 
Theorem 1 worked successfully for 99% of them. 


Our approach presents a better performance than the others 
methods, 


VI. CONCLUSION 


In this paper, we proposed a new sufficient condition 
quadratic stability by static output feedback (SOF) for discrete 
linear time invariant systems. This condition is elaborated by 
using Lyapunov theory and formulated by LMI constraints. 
The proposed approach is also extended to uncertain systems 
with polytopic uncertainty. Numerical comparisons with 
existent method in the literature are given to illustrate the 
improvement contributed by our approaches. 
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This new improved sufficient condition can be extended to 
other performances in relation with SOF problem like H, 


and H. synthesis by SOF. 
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Abstract— A parameter plane methodology has been proposed 
for designing the control gains of a two-loop lateral missile 
autopilot. This design approach allows the designer to obtain 
admissible set of control gains satisfying certain frequency 
domain specifications. It also enables to find out maximum 
attainable autopilot gain crossover frequency and the 
corresponding set of control gains. In the proposed methodology, 
the designer gets a graphical view of the range of values of control 
gains to choose from in order to satisfy a certain design 
specification. As the critical gain margin, critical phase margin 
and stability margin can be easily visualized in the parameter 
plane, gain scheduling becomes easier, thus avoiding complex 
analytical evaluation of critical loop. The design methodology for 
the proposed algorithm has been given in details and illustrated 
with numerical examples using four different types of missile 
data. 


Key words—Autopilot, Critical phase margin, Critical gain 
margin, Parameter plane. 


NOTATIONS 


K,  : Lateral autopilot control gain outer loop 

K, : Fin servo gain [sec] 

q  : Missile body rate in pitch [rad/s] 

T, : Incidence lag of airframe [sec] 

K,  : Airframe aerodynamic gain [sec] 

o, : Natural frequency of oscillation of actuator [rad/s] 

@,  : Weathercock frequency [rad/s] 

o : a quantity whose inverse determines the location of 
non-minimum phase zero in s-plane 

č, : damping ratio of actuator 


@,  : Lateral autopilot control gain 

m,  : Mass of the missile [kg] 

U : Missile velocity in X-direction [m/s] 
n : Elevator deflection [rad] 


y : Flight path rate [rad/s] 


Ya : Demanded flight path rate [rad/s] 


GM : Gain Margin [dB] 

PM _ : Phase Margin [degrees] 

GCF : Gain Crossover Frequency [rad/s] 
PCF _ : Phase Crossover Frequency [rad/s] 


I. INTRODUCTION 


N guided missiles, lateral autopilots are used to deliver 

lateral acceleration based on the demand from the guidance 
computer. The autopilot responds to the guidance system 
demands by deflecting the control surfaces of the missile for 
aerodynamically controlled missiles. The deflection in control 
surfaces, produce change in the resultant lift force acting on 
the missile. This changes the angle of attack of the missile 
consequently generating the lateral acceleration required to 
steer the missile in the desired path. 

In the past few decades several attempts have been made to 
design missile autopilots. Lateral autopilots may be classified 
based on the feedback sensors used to feedback missile 
information. Two configurations are: 

e Two -loop autopilot 
e  Three-loop autopilot 

Lateral autopilot configuration with one accelerometer and 
one rate gyro feedback, which are more common in high 
performance command and homing missiles has been 
suggested in [1]. Based on this basic configuration G. Das et 
al. [2] has suggested a two loop lateral autopilot configuration 
which is a simplified version of the conventional configuration 
suggested in [1]. In [2] G. Das et al. has suggested a 
systematic design methodology to design the control gains of 


368 


Proceeding of International Conference MS’07, India, December 3-5, 2007 , 


two-loop lateral autopilot based on frequency domain 
performance specifications. 

In this paper, a PI controller design methodology for a two- 
loop lateral missile autopilot has been proposed. The 
methodology is based on the parameter plane method as 
suggested in [6]. It is a simple and straightforward controller 
design method that can achieve a solution carpet of all the 
admissible controller gains in the parameter plane, given a 
specified gain and phase margin. The proposed design enables 
to find out the maximum attainable gain crossover frequency 
and the corresponding set of control gains, graphically. Here 
graphical analysis also helps to visualize the effect of variation 
of the controller gains on the frequency domain performance 
specifications of the autopilot. In multi-loop systems it is 
necessary to identify the loop which when opened provides the 
critical stability margins. The proposed graphical approach 
provides a way to visualize and identify pictorially the critical 
loop to be opened to guarantee the specified stability margins. 


Il. DESIGN PROBLEM 


A. Given missile parameters 


Actuator : Natural frequency œ, , Damping ratio ¢ . 


Airframe & environment : T,, M0, @ . 


B. Desired specification 
Critical gain-margin GM (a specified value). 
Critical phase-margin2 PM (a specified value). 
Illustrative examples are used for understanding of the 
design methodology. The methodology has been tested for 
four sets of missile data and the results have been presented. 


All the simulations have been done using MATLAB 6.1 
application software. 


HI. PLANT TRANSFER FUNCTION 


The two-loop lateral missile autopilot configuration has been 
presented in [1]. Das et al [2,3] used modified two-loop 
autopilot configuration with unity feedback gains. In this 
paper, this basic configuration has been used and has been 
modified slightly to obtain the configuration of FIG. 1 by 
placing an integrator in the outer loop of the autopilot. 





FLIGHT PATH RATE LOOP 


FIG.1. 


IV. PARAMETER PLANE ANALYSIS 


A ction known as the Gain-Phase Margin Tester 
Function is used for interpreting frequency domain 
performance specifications in the parameter-plane [6]. 


For an open loop transfer function, 


N(s) 0) 
D(s) 
the gain-phase margin tester function can be described as, 





G(s) = 


F(j@) = D( jm) + Ae” N( ja) =0 (2) 
where 


D(j@=denominator of the open loop transfer function in 
frequency domain. 


N(j@)=numerator of the open loop transfer function in 
frequency domain. 


Ae“ is known as gain-phase margin tester where 


l 


A= 8 =ZG,(j@)+180 
[cgo # 


and 


F(jæ) is a complex function of A, @ and œ and the desirable 
control parameters. If A=/ is selected then the chosen value of 
6 will represent the desired phase-margin and the chosen value 
of œ will be the gain-crossover frequency. Similarly, if @=0 is 
selected, then the chosen value of A will represent the value of 
gain margin for a particular chosen value of phase-crossover 
frequency æ. If, the value of A is chosen as 1 and 8 =0, then 
for various values of @ a locus which contains the stability 
boundary of the system may be plotted in the @i versus K, 
plane, for any constant K,. 


V. FREQUENCY DOMAIN ANALYSIS 


Frequency domain analysis of the autopilot has been carried 
out by opening the loops at two critical points X1, X2, as 
shown in FIG.1. 


I. Loop opened at X1: 


By opening the autopilot loop at point X1, the open loop 
transfer function of the autopilot system is, 





K Kala? 
r+, s +(e, +04" 






+ 


6) 


Employing gain-phase margin tester function, as described in 
the earlier section, the control gains K, and @, can be 
written in terms of A;, 0; and œwas,in (4)and (5). 
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C, -Dn -C-D 
K, = li 12 1211 (4) 
By Ci, By Gy, 
and 
= By Dy, —B,.Dy (5) 
B, Cy a B,C, 
Where 


B,, = A,Sin(0, ) ao +07@") 


a 








n= 
Dy = 2¢ 0,0 


By Sora 


o,’.(1+0°a") 


a 
-(26,0,0,' + 0.0," Ja? 


Cy = Ay. 





o,’.(1 +070 ) 


Dy =@° -(@ +0, i wate +o, I 


l 


= & © OO, = ZGX,( jo) +180° 
|GX,(ja)| i ! 


2. Loop opened at X2: 
By opening the autopilot loop at point X2 the open loop 
transfer function can be written as, 


2 a, |-K, os +(T,-07@, )s° +(1+K, )s+o, | 


GX2 ee TEOR EEET 
()= +2 os + o, to) +20,0,0,'5" +0 0s 


(6) 
Employing gain-phase margin tester function, the control gains 
Kp and œi can be written in terms of A2, 02 and œas, 


C,,. Dy -Cy.Dy 


K,= (7) 
f By Cy — Bn-Cz 


_ By.Dy— By Dp 


= (8) 
By Cy > By Cy 


Where 

By, = A,Sin(8,) Faaofi +00) 

Cy = A Cor(0, w(i +070") 

Dy, = 20,020,009 — 200,00, 07 ~A,Cos(@,)— a, (T, )+ A,Sin(8, ra 
By = A,.Cas(0,) Fo, a(i+a7a) 


Cy =-A,Sin(8,) Fo, (1 +070") 


Dn = 0 - (0,7 +047 er’ + @,7 04+ A,Cos (0, is a,” w+ A,Sin(O, Jaw, a" 


0, = ZGX, (joo) +180" 


1 
tee 
” Tex, Ja) 
VI. DESIGN STEPS 


Step 1: A suitable value of K, is chosen. 


Step 2: K, versus @, curves are plotted by setting 
e Al=] and @/=0 in (4) and (5), 
e A2=/ and 62=0 in (7) and (8) 
to obtain the stability boundary for loop open at X1 
and X2 respectively. 


Step 3: K, versus @, curves are plotted by setting 
è A/= specified gain margin (GM) and @/=0 in (4) 
and (5) 
e A2= specified gain margin (GM) and 62=0 in (7) 
and (8) 
to obtain the constant gain margin curve for loop open 
at XI and X2 respectively 


Step 4: K, versus @, curves are plotted by setting 
ə Al=I1 and 6@/=specificd phase-margin (PM) in (4) 
and (5) 
e A/=2 and 62=specified phase-margin (PM) in (7) 
and (8) 
to obtain the constant phase margin curve for loop 
open at XI and X2 respectively. 


Step 5: The K,-@, parameter plane area which satisfies both 
PM and GM specification and gives a stable system is 
obtained by finding the common area under the 


curves plotted in Step 2, Step 3 and Step 4. 


Step6: A set of constant G.C.F curves are obtained by setting 
Al=1], œ= required GCF and @/ is varied such 
0<6, <7 in (4) and (5). The point of intersection of 
the maximum constant G.C.F. line with the common 
area obtained in Step5 will give the required (K,,a@)) 
pair. 


VII. ILLUSTRATIVE EXAMPLE 


The autopilot design has been carried out for four 
representative sets of missile data as presented in TABLE 1. 
The four missile data sets are given as Case-1, Case-2, Case-3 
and Case-4 . 





Cased a fi ke kerpa 
TABLE |. 
The design objective is to obtain the maximum GCF of the 
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missile autopilot under the following stability conditions: The autopilot frequency response for loops opened at X1 and 
i X2 are shown in FIG.3, FIG.4 respectively. The time response 
The critical gain-margin >% (6 dB). of the autopilot system is shown in FIG.5. 

The critical phase-margin 2 40° 


Bode Diagram 
DESIGN FOR CASE-2 Qm = 8.457 OB (m 51 408 redac), Pa a 59.061 hag (at 11.008 red'sec) 


The design for Case-2 has been detailed out below. 
The value of K, is chosen to be ~1.4 from [8] 


Meyke (05) 


$29Re Bebe b Bow 





Design of control gains K, and ax: 


Phase (deg) 


The constant phase-margin plots for loop opened at X1, X2 
are shown in Fig.2 in green and blue solid line plots 
respectively. 10° 1 10! 0° 


3, 


The constant gain-margin plots with loops opened at X1, X2 
are shown in Fig.2 in magenta and red solid line plots FIG.3. 
respectively. 


The stability boundary is obtained for loops opened at X1, asakas D 023th renien, Prva o0 408 gt Aii ia 
X2 and is shown in Fig.2 in dotted black and solid black line 
plots respectively. 


g 
The common parameter area is the parameter area (area i 
containing parameter values) which satisfies both critical 
phase margin “and gain margin criterion. The area is shown in 
hashed region of Fig.2. 


Now in order to find the maximum attainable GCF, the i 
constant GCF curves are plotted for @=11, 12 , 13 rad/s as } 
shown in Fig.2 in dotted magenta, red and blue plots 
respectively. 


It can be concluded that the maximum obtainable GCF here 
is approximately 12 rad/s as the 12 rad/s constant GCF plot is FIG.4. 
the maximum value of GCF that intersects the hashed region 
and the A A aain sam is ae 5, 19. ee 
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The frequency domain performance, of autopilots, for all the 
four cases have been presented in TABLE 2. The 


representative time response parameters have been provided in 
TABLE 3. 





TABLE 2. 










ee eea 
mapa peo ee pe 
[aor [08 [to | 0 | ov [ow | am] 1 
malsat e | 0 | 07 arn en 1] 











Caset 


TABLE 3. 


In the present work K, has been chosen based on the results 
obtained in [8]. However for each value of K, a different set of 
value of K,,@, will be obtained. Thus K, can be chosen 
according to the designer’s performance requirements in an 
iterative fashion. 


VII. CONCLUSION 


It can be concluded from the results that unity steady state 
value of the flight path rate response has been obtained. There 
is no overshoot. Also the undershoot, of the flight path rate 
response is reduced compared to proportionally controlled two 
loop lateral missile autopilot in [8].The prime advantage of the 
method is that the designer gets a graphical view of which loop 
is critical at a given frequency of operation. Also in case of 
design tradeoff, the designer knows the allowable range of 
values to choose from. The procedure provides K,-@, control 
gain pair admissible zone and helps in determining the control 
gain pair K,-a, for obtaining the maximum GCF of the 
autopilot, 


The analysis and design does not take into account the 
effects of various types of non-linearity .Thus design may be 
extended, by taking system non-linearity into consideration. 
Also implementation of the design procedures in the digital 
domain may be done. 
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Abstract--This paper presents the analysis of induction machine 
dynamics through cigen-structure variation in closed loop and 
open loop condition. Such an cigen-structure-based analysis 
shows the dynamic inter-dependence of g-axis and d-axis fiux 
linkages of both stator and rotor of the induction machine. The 
support of arbitrary reference frame of rotating magnetic field 
gives the elgen-structures of stator and rotor in a clear and 
distinct manner. Also, for inter-dependency of the variables, the 
reference frame is synchronized with the stator frame. The 
dynamic inter-dependency of the variables is shown through 
eigen-loci that begin at the time of starting and stopping at steady 
state condition. The analysis shows the existence of two pair of 
complex conjugate cigen-values, which suggest the existence of 
two-damped oscillator. The reduction in the imaginary part of 
eigen-value due to proportional plus integral (PI) closed loop 
application shows the reduction of oscillation that is the reduction 
of the transient of the induction machine. Further the imaginary 
part of one pair of cigen-value is settling to zero, indicates the 
specd settlement of the machine to rated speed. Hence, the work 
shows the improvement of stability, cigen-frequency, transient of 
the induction machine duc to the PI clased-loop control. 


Key words—-Arbitrary Reference, PI Closed Loop Control, 
Eigen-Value, Eigen-Frequency, and Signal Flow Graph. 


I. INTRODUCTION 


HE dynamic model of induction machine is highly 

nonlinear and complex. The established theory of d-q axis 
transformation [2], [4] has shown the cross coupling between 
the dynamic equations. A well representation of a.c. machine 
dynamics by complex signal flow graphs is described earlier 
[2]. Also the discussion on rotating reference frame and 
winding dynamics has been well explained. In particular it was 
stated [2] that two phase windings q and d being orthogonal in 
space do represent two independent energy storage elements 
but these are not coupled and hence these cannot exchange 
energy. Thus, the concept of reference frame 


that may be arbitrarily rotating has entered so that it forms an 
observation platform. With the help of this arbitrary rotating 
frame it was shown that total magnetic energy appears rotating. 
This has lead to the concept of single complex eigen-value that 
is associated with the first order system that represents say 
stator winding dynamics. The author in [2] has elegantly 
explained the induction machine dynamics by using complex 
State variable approach [3]. In this work [3] the arbitrary 
rotating reference frame is taken to be stationary and root 
locus plot is drawn. At the same time, when the reference 
frame is synchronized with the rotor, the root locus plot is 
shown to dislocate. 

The closed loop stability is an important point for a system 
designer. The present trends of work on induction machine are 
mainly in the direction of feedback control. Hence for the 
feedback control method through adaptation, observation, 
estimation, etc. gives rise to the stability in question. In this 
regards, study of eigen-structure becomes all the important in 
that of a certain feedback control law may be designed say the 
eigen-frequency of the overall closed loop system. 

The present work considers the problem of analyzing the 
induction machine dynamics through eigen-structure variation. 
At first the induction machine dynamics is being considered 
using d-g axis transformation and arbitrary reference frame 
theory [1]-[4] & [5]. The complete state space dynamics is 
written based on arbitrary reference frame rotating at speed 
@,. To study the eigen-structure variation in open loop and 


closed loop, the speed of reference frame is set to the stator 
synchronous speed @,. Such a study of eigen-structure 
variation of an induction machine helps in designing the 
adaptive control laws. 


If. DYNAMICS OF AN INDUCTION MACHINE 


To analyze the dynamics of any electrical machine the two- 
axis theory is conveniently used. The two axes are d-axis as 
main field and q-axis as the axis at which dynamic emf is 
induced. The two axes being orthogonal to each other rotate at 
synchronous speed. Thus if two voltages are impressed at these 
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axes then the resultant field due to these voltages shall be 
created that will also rotate at uniform synchronous speed in 
space. The derivation of the dynamics of the induction 
machine may be found elsewhere [4], [5]. The dynamic of the 
induction machine may be modelled by defining, 


XH =O,» X= War Xp Warr Xe = Warr Xs = Wy» My =V 


uw, =V,.,V=m,, 


: f 3 y PX 1 
gata [5 2D, MXs~ Xx) =V 


š =-(r,X ,@,x)/ D- 0, x, + (r, X y@,x,)/D + 0u, 
Š =O, xX, — (r, X 0,x3)/ D+ (0,X ur, x5)! D +0, a) 





X, = (T,X y@,x,)/ D- (r, X ,@,x,)/ D- (0, —x,) Xs 
is = (1,Xy@,x,)/D+(@, —x,)x, ~ (7, X ,0,x,)/D 


where:- 

D=X,X, -Xi 

The parameter r & X stand respectively as resistance and 
reactance. The subscript s & r respectively denote stator and 
rotor windings. The prime ( is meant for referring the rotor 
parameter to the stator. The variables w,, @, and @, mean 
respectively as arbitrary speed of the rotating field, base speed 
of rotating field (60 Hz) and rotor speed in radians per second. 
The flux linkage is represented by y and the d-q axis stator 
input voltages arev,, and va . J gives the moment of inertia of 


the rotor and the load while f and P represent the friction and 
the total number of poles of the machine respectively. 

The above state space description is the exact dynamics of 
the induction machine with reference to arbitrary reference 
frame. Let, 














av m ar m la i 
ae = (a) 
T=@t, T, =——-, T, = 
T, m 1X, 


where:- 

@, = base angular speed of the system 

@, = speed of arbitrary reference frame 
@, = actual mechanical speed of the rotor 


On = hci normalized rotor speed and 
b 


O, 05 normalized speed of the arbitrary reference 
b 

frame. 

Then with these definitions, 


The state dynamics of flux linkages using the equation (1) and 
(la) can be rewritten as, 














id TEN RE 
T Te HY a = OT SY te + k, Wor +T, a 

id Wi, tT. 
Ti Ya HY a = Dnt Wo +h a HT Un 

z O 

„dY y’ 

T, ve HY y = OM — @,, YW ae T KWa 
dt 

-dy, > y’ 

T, r War = (o,, Om We + K Wu, 


Note that the description (1) and (2) are the same. The 
equations (2) together with developed electromagnetic torque 
expression have been represented through signal flow graph 
shown in Fig. 1. These equations have also been obtained in 
[3]. 


I. DESIGN OF PI CONTROLLER LAWS 


The first step to design a proportional plus integral (PD 
controller is the speed error calculation. Accordingly the speed 
error of the machine is defined as, 





ly = Onf — 4,0, (3) 
where a, = (3a) 
rated @, 


Then the control law may be expressed as follows, 


v= He tjenar) (4) 
T, 


Jro (5) 





where v, = stator voltage, y, = stator flux linkage (constant), 
and f, = stator frequency. This applied voltage is transformed 
to d-q axis through the transformation matrix K, [4] as given 


in equation (6) below. 
cos@ cosl 0-7 co g 
3 3 
Kachin sidd- a a 6) 
3 3 3 
1/2 1/2 1/2 


Where, 0 = 0 so that v,, #0 but v,, =0. 


IV. ROOT LOCUS OF ELECTROMAGNETIC SUB-SYSTEMS 

The signal flow diagram (Fig. 1) visualizes the properties of 
the dynamics of induction machine. It shows the interaction of 
different components (stator and rotor) of flux with respective 
input and output. The method to visualize the properties of the 
dynamics of induction machine is the root locus plot. The main 
variables in the root locus plot are the eigen-value. In this 
method of solution the expression (A7 — A), (where, '/' is the 


identity (nxn) matrix) is known as characteristic polynomial 
and the roots of (A7 — A)=0 are known as eigen-values of the 
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system. The root locus plot of the electromagnetic subsystem 
of 250hp-induction machine is shown in Fig. 2 considering 
arbitrary reference frame synchronized with stator frame. The 
root-loci remain unaffected by the choice of the model. Such 
independence has been tested through the simulation by using 
C++ programming. f 

With reference to equation (1) the machine dynamics is 
complete. In order to study the variation in eigen-values of 
electromagnetic subsystems with reference frame be fixed with 
stator, the eigen-values of the whole system are calculated. 
The electromagnetic subsystem described by (1) shall have 
four eigen-values. 


V. RESULTS AND DISCUSSIONS 


The entire work presented in this paper has been simulated 
in C++ and MATLAB. A 3-phase, 250 hp, 2300 V, 4-pole, 60 
Hz, induction machine is considered for the present 
simulation. However, the required parameters of the 3-phase 
250hp-induction machine are presented here for convenience 

r, = 0.6810, r, =0.401Q, X, =88.3310, X; = 88.3310 
X „ = 85.880, J = 6.918 Kgm? 
with negligible friction. 

The complex electromagnetic subsystem of induction 
machine contains two pairs of conjugate complex eigen-values 
that lead to the existence of two oscillatory systems. These 
oscillatory systems are one for stator and one for rotor. Each 
oscillatory system when factored shall have one complex root 
each that will have no conjugate part. This is due to the effect 
of introducing arbitrary reference frame. In these pair of 
conjugate complex eigen-values, the real part represents the 
damping of the associated oscillator and the imaginary part 
represents the eigen-frequency. If the arbitrary reference frame 
is rotating synchronously with the stator, then the eigen-values 
get displaced to different locations than when the reference 
frame is stationary. As pointed out in [3] such a result indeed 
proves out the motion of these complex roots when the 
machine starts and reaches the steady state. This concludes 
that the eigen-frequency is not an inherent property of the 
induction machine. 

The root locus plots of the four eigen-values are shown in 
Fig. 2 for open loop and Fig.3 for closed-loop. Fig. 3 shows 
that the imaginary part of the eigen-values has reduced 
compare to Fig. 2. It also shows that the imaginary parts of one 
pare of eigen-value are tending to zero. Hence the eigen- 
frequency has improved due to PI closed-loop control. Also 
the speed of the induction machine has settled to rated speed 
(reference speed) due to PI closed loop control. It is to note 
that when load 1s applied to the machine there is some change 
in the eigen-value being observed. However such changes are 
not prominent in the root-loci plot. 





Fig.1- Signal flow graph of induction machine dynamics 


Lnaginay 4, [SCALE- 100 1] 





Rea 7), [SCALE-100:1] 
Fig. 2— Root locus plot of electromagnetic subsystem for 
250hp induction machine 


Imaginary}, [SCALE- 10:1] 
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Fig. 3 — Root locus plot of electromagnetic subsystem for 
250hp induction machine using PI control 


375 s 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


VI. CONCLUSION 


The work has presented induction machine dynamics 
through real state variables. The calculation of eigen-values 
indicates that these are time dependent. The imaginary parts of 
eigen-valucs represent the eigen-frequency. However, the loci 
of complex eigen-values get displaced to different locations 
when the arbitrary reference frame is synchronized with the 
stator. The variable in the eigen-value remains unaffected by 
the choice of the dynamic model. The signal flow graph 
obtained from the dynamics shows the interdependence 
between the direct and quadrature axes flux linkages of both 
stator and rotor. Such a study of the cigen-structure of the 
machine may led to intricate design of adaptive control laws. 
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Abstract-The present paper deals with the design of a solid state 
starter for the induction motor together with a protection circuit. 
Protection circuit provides the over load and short circuit 
protection to the solid state starter and is devcloped with the help 
of topologies of solid state circuit breaker[7] The size of the total 
starter is very compact in size and can be embedded in the motor 
terminal box. The circuit breaker normally used in front of the 
starter for the protection can be removed. The circuit breaker 
normally used in front of the starter takes a time of 3 cycles which 
is approximately (60msec). With the proposed scheme the fault 
level of 65 kA prospective current can be cleared by the 
protection circuit in the time range of less than 100psec. The soft 
start and soft stop capability can be adapted to the present 
system. Results with a fault Ievel of 65 kA prospective current are 
simulated using the Saber (simulation tool). 


Key words— fault current, protection circuit, thyristor. 


J. INTRODUCTION 


HE efficiency of a lightly loaded induction motor can 
be very substantially improved by controlling the voltage 
applied to it. In addition, controlling the voltage also improves 
the power factor at which the motor operates [1]. The power 
factor is improved by loss minimization. The loss 
minimization is based on the principle that a lightly loaded 
motor operates most efficiently with the magnetic flux so 
reduced that an optimal tradeoff between the copper and iron 
losses is achieved[2]. The reduced voltage type can include 
solid state starters, adjustable frequency drives, and auto- 
transformers [3]. Solid state starters use power semiconductors 
to contro! the power to the motor. Most designs use a pair of 
reverse-blocking thyristors, or thyristors, in each phase of the 
motor supply, although diode-thyristor pairs and even bi- 


directional thyristors (triacs) are sometimes used. The ability 
to phase contro! all three power lines gives the solid state 
starter a performance advantage over electromechanical 
systems [4]. It is possible to contro] the motor voltage over a 
wide range. In a full voltage solid state starter, the thyristors 
are turned-on, usually using a zero-crossing switching circuit, 
and apply full voltage to the motor. Clearly, the thyristors must 
be sized to handle the motor's locked rotor current. In this 
application, thyristors are used to replace mechanical contacts, 
and if suitably sized can provide highly repetitive motor starts 
without deterioration.. Generally a safety circuit breaker [5] is 
placed in front of the starter to protect the starter from the fault 
current. Safety circuit breaker will take three cycles of supply 
to clear the fault. The time period is approximately 60 msec. 
An anti-parallel thyristor module [6] is selected for this 
application considering that it occupies very small area pre 
phase. The surge on state current that can flow through it is 
2000 A for 10 m sec. The thyristor can not with stand if a fault 
current more than this flow for more time. To reduce the total 
starter size a protection circuit is essential. The protection 
circuit should clear the fault very fast and it should occupy 
small area so that total size of the starter is very compact. 


H. SYSTEM DESCRIPTION 


ot a 
[i 


- op 
wi ay $ 


QPL) 





Fig. 1 single phase of the starter 
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The fig.! represents a single phase of the starter. Protection 
circuit is connected parallel to the anti parallel thyristor 
module. Main components of the protection circuit are 500 V 
ac capacitor, an auxiliary thyristor, and a control circuit for 
trip logic greater than 500 A. The control circuit consists of a 
current transformer continuously monitoring line current; its 
secondary is connected to the comparator. When the control 
circuit detects the line current more than the 500 A comparator 
produces a triggering pulse to the auxiliary thyristor which is 
in forward bias. The capacitor which is pre charged to the 
500V in the reverse direction starts discharging. Through 
auxiliary thyristor Ta, diode D3 to the load. The capacitor 
voltage which is greater than the supply voltage keeps the 
main thyristor in the reverse bias .This is the forced 
commutation of the thyristor where the thyristor is reverse 
biased and current through it is made as zero by providing the 
commutating current which is greater than the current carried 
by the main thyristor by pre charged capacitor. In this method 
of turning-off the main thyristor at zero current through it, 
fault current fallcws the path of D1- inductor —capacitor-Ta 
and to the load .when the capacitor is charged in the reverse 
direction the current through the auxiliary thyristor will 
become zero and it stops conducting so fault current is stopped 
.The fault current flows to the load even after the main 
thyristor is opened but as the capacitor is charging in the 
reverse direction quickly it allows the fault current to flow for 
very less time. For every operation of the protection circuit the 
capacitor has to be re-charged for SOOV. Charging circuit for 
the capacitor is to be placed adjacent to it and it should charge 
the capacitor for every operation of the Halt circuit. For 
charging the capacitor a step up transformer is of rating 
SKVA, 440/600 Volts transformer should be placed. The 
protection circuit can clear the fault in the time less than the 
100p sec. It can protect the main thyristor bridge from the over 
load and short circuit currents. This protection circuit is 
derived from the fast acting solid state circuit breakers where a 
mechanical contactor is placed and it 1s opened at zero current 
through it. Solid state circuit breakers provide arc less fast 
operation. 


Il. SYSTEM OPERATION 


Fault impedance is calculated for 65 kA prospective current. 
The operation of the protection circuit is simulated at a 65 kA 
prospective current. Fig.2 shows the fault current through line 
and fault current through main thyristor. Even the fault current 
through the main thyristor is cleared it passes to the load for 
some time. When the capacitor of the halt circuit fully charges 
to the reverse direction the fault current to the load becomes 
zero. The time deference between the fault current clearing in 
main thyristor and load can be seen in below fig.2. 

The line current taken by the motor is 20Amp and for the 
induction motor the starting current is high .normally it takes 
7times the rated current. Considering the safety factor and 
taking it as 15 times that will be 300 A and it peak value is 424 
A. So the maximum fault current can flow through the line is 
500 A. If the value goes smaller than this, protection circuit 
may act at the starting of the motor and motor may stop at the 


starting it self. Capacitance value is directly proportional to 
holding time. Simulations are run 
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Fig.2 Fault current through line and main thyristor 

with different capacitance values available in the market to get 
the optimized circuit components. A 47pf is able to clear the 
65kA prospective current. When 47 pf capacitor is replaced 
with the 30pf capacitor, holding time of the capacitor is 
reduced so that it is unable bring the anode current of the 
thyristor below holding current. Fault current conducts through 
thyristor and thyristor may get burn. It can be observed in fig 
4, When control circuit detects the fault current firing pulse is 
given to auxiliary thyristor at the same time pulses to the main 
thyristor should be stopped. 

If the pulses to the main thyristor continue fault current can 
not be cleared because when the anode current through the 
main thyristor reduces below the holding current it comes to 
the forward blocking state. When thyristor is in forward 
blocking state and a gate pulse is applied. Thyristor comes 
from forward blocking state to forward conducting state. The 
gate pulse to main thyristor should be stopped at very instant 
we fire the commutation thyristor.It can be observed in fig.5.so 
an intelligence circuit should be placed to stop the pulses to 
the main thyristor. 


TV. CONCLUSION 


This paper is devoted to design of a solid state starter and a 
protection circuit. The size of the starter reduces ten times and 
gives noise less operation. Soft start and soft stop capability 
can be embodied to it. 
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Fig. 3 : Capacitor voltage and commutating current 
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Fig 4.protection circuit operation for 47pf and 30pf 
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Fig. 5 with 47pf and contmuous pulse to main Thyristor 
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Abstract— Condition monitoring has become a very important 
technology in the field of electrical equipment maintenance and 
has attracted more and more attention world wide. Keeping this 
in mind a broken rotor bar detection scheme of three phase 
induction motor has been attempted. In the present study 
advanced signal processing techniques like continuous wavelet 
transform (CWT) are used to analyse the motor stator current, 
shaft and frame vibrations during start-up. The encouraging 
results obtained from CWT analysis is hoped to set up a base of 
condition monitoring technique of induction motor which will be 
simple, fast and overcome the limitations of traditional FFT 
techniques. 


Key words—- Condition Monitoring, induction Motor, Broken 
Bars, Continuous Wavelet Transform 


I. INTRODUCTION 


ONDITION monitoring is a maintenance practice 
where a comprehensive program of data collection and 
analysis provide early detection of a problem and identify the 
need for maintenance based on the condition of the monitored 
equipment. Thus it allows maintenance to be performed in a 
planned and systematic manner before equipment fails. Since 
induction motors are extensively used in various industries, the 
condition based maintenance, on-line monitoring, fault 
detection and diagnosis of these motors are of utmost 
importance in order to avoid catastrophic failures. The faults 
that commonly occur in induction motors are stator winding 
faults generally caused by insulation breakdown, broken rotor 
bars due to pulsating loads or direct online starting, bearing 
problems, and air-gap eccentricities [2]. 
As the induction motor is highly symmetrical, the presence 


of any kind of fault in it affect its symmetry. This leads to a 
corresponding change in the interaction of flux between stator 
and rotor, resulting in changes to the stator currents, voltages, 
magnetic field and machine vibration. 

Vibration monitoring is one of the oldest condition 
monitoring techniques and is widely used to detect mechanical 
faults in the machine[7, 8]. On the other hand stator current 
contains frequency components which can be related to a 
variety of faults such as mechanical asymmetries, broken rotor 
bars and shorted turns in the stator winding. Motor Current 
Signature Analysis (MCSA)[12], recently used motor faults 
detection technique, offers the facilities like remote operation 
and non-invasion compared to the traditional and most 
common technique of vibration analysis [1]. 

The analysis of the motor current or vibration signal for 
determining the harmonic components is essentially done with 
the help of Fast Fourier Transform (FFT) as introduced in 
several works [4]-[6]. But FFT is, however, not appropriate to 
analyze signals that have a transitory characteristic, Analysis is 
greatly depended on the load to the machine and a very high 
resolution of frequency scale is needed for correct 
identification of very closed fault frequency components[9]. 
The advantages of using Wavelet techniques for fault 
monitoring and diagnosis of induction motors are increasing 
because these techniques help to perform stator current or 
vibration signal analysis during transients. The wavelet 
technique can be used for a localized analysis in the time- 
fiequency or time-scale domain. Some recent works have 
explored these advantages of using wavelet analysis [9]-[1 1]. 
Keeping these view points in mind the investigation aims to 
design and develop an on-line monitoring and incipient fault 
detection scheme of induction motors by assessing the 


signature of the motor line current (1,,,,) as well as motor 


frame (g frame) and motor shaft vibrations (g shafi) Among 


various motor faults, proposed investigation has been 
restricted to broken rotor bar fault only. 
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U. PROPOSED METHOD 


The schematic representation of the work is shown in fig. 1. 
The scheme consists of three major parts, namely (i) 
simulation of different induction motor faults and (ii) data 
acquisition and (1ii) signal processing. For identifying the 
faults, motor line current (lne) as well as motor frame 


(B fame) and shaft (g agp ) Vibrations signals are monitored 


and results are compared in each cases. Photograph of the 
experimental setup is presented in fig. 2. 






Machinery Fault Simulator, 
Spectra Quest, USA 


2Pole, 60 Hz, 0.5 HP, 3450-RPM 
3ph Induction Motor `. 


Data Acquisition System(DAQ) 
Post Processing 
and Diagnosis 











Signal Processing (CWT) 


Fig. (a): Schematic diagram of the work 





A. Simulation of faults 

Machinery Fault Simulator (MFS)[16], a tool for simulating 
various types of induction motor faults initially fitted with a 
healthy motor and a motor with three broken rotor bars of 
same specification have been used for the fault simulation. 


B. Data acquisition 

The generated data corresponding to that fault are collected 
using clip-on Hall effect current and accelerometer probes, 
recorded and stored using a computer with four channel Data 
Acquisition system (DAQ). The collection is done for both the 
healthy motor and the faulted motor with three rotor bars 
broken under the same running conditions. 


C. Signal processing: 


Signal processing part of the scheme has used Continuous 
Wavelet Transform (CWT) for analyzing start-up current and 
vibration 
analysis is represented by the Fourier transform: 


F (w) = [fOe dt a) 


Which is the sum over all time of the signal f (f) multiplied by 
a complex exponential. THe results of the transform are the 


381 





signals. Mathematically, the process of Fourier ` 


Fourier coefficients F (w), which when multiplied by a 
sinusoid of frequency w yield the constituent sinusoidal 
components of the original signal. 


Similarly, the continuous wavelet transform (CWT) is defined 
as the sum over all time of the signal multiplied by scaled, 
shifted versions of the wavelet function Y 


Fig. 4(a) CWT of startup current (Ium) of healthy motor 
at Full-Load 





Fig. 5(a) CWT of startup frame vibration (grame) of healthy motor 
at No-Load 
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Fig. 6(a) CWT of staitup frame vibration (gmane) of healthy motor 
at Pull-Load 
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Fig. 7(a) CWT of startup shaft vibration (gaun) of healthy motor 
at No-Load 
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Fig 8(a) CWT of startup shaft vibration (Ewen) of healthy motor 
at Full-Load 


Ly f(t )=lFOw., Od (2) 


f (Ò is decomposed into a set of basis function y,, (t), called 


wavelets generated from a single basic wavelet y(/), the so 
called mother wavelet, by scaling and translation: 


t-T 


1 
Y O= ——v(——) 
Ws 
-1 


s is a scale factor, T is the translation and the factor |s| 2 js 


(3) 


for energy normalization across the different scale. Scaling a 
wavelet simply means stretching (or compressing) it. 


Il. RESULTS AND ANALYSIS 


The stator current, frame and shaft vibrations of the healthy 
and the faulty motors at the time of starting were collected 
through DAQ at the frequency resolution of 0.5 Hz/line. The 
operations were carried our under different loading and 
frequency conditions. The recorded data are decomposed 
using CWT. In this investigation Daubechies 8 (db8) mother 
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wavelet has been used for all CWT operations and 
implemented in the MATLAB[ 14] environment. The following 
3D images fig. 3-8 showing the wavelet coefficients in Z axis, 
scale(s) in Y axis and translation(T) in X axis, are 
representation of current and vibration signals of the healthy 
and the motor with three broken bars at no-load & close to full 
load conditions respectively at a supply frequency of 50 Hz. 
R.M.S value of the wavelet coefficients are compared and 
furnished in Table ~I. By Examining the results, the wavelet 
coefficients for faulty motors are found to be much much 
higher as compared to the healthy one. These observations are 
valid for both current and vibration signals and may be flagged 
as defective. 





Fig. Hb) CWT of startup cunent (lme) of motor 
with bioken 1otor bars at Full-Load 





Fig. S(b) CWT of startup frame vibration (gram) of motor with 
broken rotor bars at No-Load 
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Fig. 6(b) CWT of staitup frame vibration (Brome) of motor 
with broken rotor bars at Full-Load 
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Fig. 7(b) CWT of startup shaft vibration (guun) of motor 
with broken rotor bars at No-Load 
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Fig. 8(b) CWT of startup shaft vibration (gan) of motor 
With broken rotor bars at Full-Load 


Table-I: Comparison of wavelet Coefficients 
Analyzed | No- Load Closed to full Load 
Signals — | Position 0°) (Break Position “4”) 


E 

Current 477107 | 11337104 3.26*10* 16.22*10* 

Motor 

Frame 0.47107 | 4.77*10* 1.13*107 3.13*107 
0.86"107 | 4.17*104 0.62*10* 2.61*10* 


Vibration 
IV. CONCLUSION 


Motor 

Shaft 

Vibration 
The results obtained from the application of Continuous 
Wavelet Transform on the startup stator current, motor frame 
and shaft vibrations shows very encouraging results which 
definitely can be used as characteristics featuré to diagnose the 
faults due to broken rotor bars or defective bearing in a motor. 
These techniques have the capability of analyzing transient 
signals which can exploit more characteristics features of fault 
conditions. There are certain advantages of this technique 
which is prevalent in the foregoing tests. 
e The capability of ‘analyzing signals during transient 
conditions, hence capturing more characteristics features of 
fault conditions. 

e Like FFT technique, very high resolution of recorded data is 
not required since the method is itself capable of analyzing 
with increasing resolution. 

e Time required for sampling and recording is very short. 






























e The results are almost same in different loading conditions. 
So the method is not greatly dependent on loading. 

In the present study advance signal processing techniques 
like CWT have been used to develop a diagnosis scheme for 
broken rotor bar sand bearing defects in an induction motor. 
The result obtained is hoped to setup a base of condition 
monitoring technique which will be simple, fast and will 
overcome the limitations of traditional techniques. 
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Abstract- Paper presents a methodology for decoupled control of 
linear induction motor. With decoupled control the attraction and 
propulsion forces of LIM can be controlled independently. d-q 
model of LIM has been solved through Matlab/simulink. Ratio of 
attraction and propulsion force has been compared for uncontrolled 
and decoupled controlled operation of LIM. 


Keywords-linear induction motor, decoupled control 


Symbols 
Tp =Pole pitch of LIM in meters 


A= flux in wb 

V=voltage in volts 

I = current in amperes 

L, = Primary length in meters 


P = No. of poles 

R, = Primary resistance per phase in Q 

L, = Primary leakage inductance per phase in H 
R, = Secondary resistance per phase in Q 

L, =Secondary leakage inductance per phase in H 
R, = Primary resistance per phase in Q 
Lm=Magnetizing leakage inductance per phase in H 
p = first derivative operator 

M = Total mass of the system in Kg 

B = Viscous friction co-efficient in N-sec/m 

v = Linear speed in m/sec 

O = Leakage factor 


T. =Secondary time constant 
F, =Propulsion force or thrust in Newton 


F =Attraction force or normal force in Newton 
Suffix 

d — d-axis 

q — q-axis 

s — Primary member 

r — Secondary member 


I. INTRODUCTION 
Effective speed contro! of electric motor is the prime requirement 


in transportation system. For this reason the use of induction 
machine in traction was delayed due to non-availability of a cost 
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effective and reliable vvvf controller. Advances in inverter 
technology in early eighties have led to the adoption of 3-phase 
rotary as well as linear induction motors in traction applications. 
Now the LIM based traction is operating in a cost-effective manner 
and performance-experience of user-countries like Japan indicate 
that it has: 

e Low noise and vibration 

e Ability to negotiate steeper gradient and sharper turns 

e Reliable with negligible maintenance even at high speed 

operation 

Speed of an LIM based system is controlled by conventional 
controller by controlling the propulsion force produced in the LIM. 
In this process the force of attraction between the moving-primary- 
member iron and the reaction-rail backing-iron also 
increases/decreases with the force of propulsion because the same 
flux decides both the forces [1,2,3]. However it is desirable that the 
ratio of attraction-to-propulsion force should be less at starting (to 
reduce the effective weight on wheel) whereas this ratio should be 
higher to increase the effective-weight on the wheel for better- 
stability at higher spced of operation and better-adhesion during 
braking. This requirement calls for design of a controller capable 
of controlling the forces of propulsion and attraction independently 
to meet the specific requirement at different operating conditions. 
The desired control can be achieved by employing decoupled 
control of LIM [6,7]. Decoupled/vector control of LIM can be 
achieved by splitting I, in two parts Ia and I, The controlling 
signal Ias and I, are generated by three PI controllers. LIM 
equivalent circuit in d-q is simulated in Matlab/simulink. 


Il. MATHEMATICAL MODELING OF LIM 


LIM q-axis equivalent circuit is identical to that of a rotary 
induction motor (RIM) as the parameters do not vary with the end- 
effects. On the other hand in an LIM the d-axis entry secondary- 


currents affect the air-gap flux and hence Ay . Therefore, the d-axis 


equivalent circuit of LIM (incorporating end-effects) differs from 
that of RIM. Fig. I(a) shows the d-axis equivalent circuit, in which 
magnetization branch is different from the RIM model. The Q 
factor associated with the length of the primary member quantifies 
the end effects as a function of the velocity. Fig. 1(b) shows the q- 
axis equivalent circuit which is similar to that of the RIM model. 


Proceeding of International Conference MS’07, India, December 3-5, 2007 





Fig (a) d-axis equivalent circuit 
aa, L L Ar 








Fig (b) q-axis equivalent circuit 

Fig. 1 d-q equivalent circuits of LIM i 
The primary and secondary voltage equations ‘(using a 
synchronous reference system) for linear induction motor are as 


follows: 











af Re leo La Lax ESSA (1) 
MAS (a oT: *+ SELT, OL:Lrt RE Fa 
R l-o La Lart l (2). 
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L 1 1 
pie ee ae (3) 
T T: p 
DAar = Flex het vha (4) 
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The propulsion and attraction forces respectively are given as 
follows [7]: 


Ft= ST ile - Aarlas) 


Fa= ay ge (el + Aarlgs) 


(5) 


(6) 


Using equations 16 a Simulink model of LIM has been 
modeled as shown in Fig. 2 


II. DECOUPLED CONTROL OF LIM 


As mentioned earlier in decoupled control the primary current is 
split into two components, one is known as direct axis current 
component Ia, and another is the quadrature axis component Ig, 
[3]. The direct axis component Ia is responsible for production 
of flux and is called magnetizing current component. The 
quadrature axis component I,, is responsible for the production 
of thrust or propulsion force. These two components act as 
control signals. In the proposed control scheme, the control 
signal Ia, is generated from the secondary flux-controller and 
the control signal I,, is generated from the successive outputs of 
the speed and the thrust controllers. The independent controf of 
these two current components serves the objective of achieving 
the desired decoupling, which is obtained by the optimum 
setting of the parameters of the three PI controllers. 

Fig. 3 shows the implemented block diagram of a decoupled 
controlled linear induction motor and Fig. 4 shows the Simulink 
diagram for decoupled control for decoupled control of LIM. 
The starred variables represent the reference value of these 
variables and G is a high gain proportional controller. The 
reference values of the primary voltages .are defined [2] 





Fig 2 Implementation of d-q model of Linear Induction Motor in Simulink 
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IV SIMULATION RESULTS AND DISCUSSION 


Simulink model of uncontrolled LIM is shown in Fig. 2. two different reference fluxes. From the Table it can be 
Specifications of LIM used in this study are given in concluded that the ratio Fa/Ft and hence Fa can be 
Table I. controlled with a decoupled controller by controlling 

the reference flux command and the propulsion force by 
Table I. IT-BHU Malviya Centre LIM Specifications controlling the reference speed command. 


Table IV: Cases studied for decoupled controlled LIM 





Table V: Ratio of F./F, for different reference fluxes at 
starting for decoupled controlled LIM 





Table II gives details of studies conducted on 
uncontrolled LIM to see the effect of transverse-effect. 
Figs.5-8 give the variation of Fa and Ft w.r.t. time with 
20N load at 0.6 sec. and the results are tabulated in Table 
UL It ts seen that due to transverse edge effect the Fa/Ft 
ratio increases. From Fig. 5-6 it is also scen that the 
settling time reduces when the transverse edge effect is 
considered. 





Table lI Cases studied for uncontrolled LIM 


Force | Without transverse 
fd e 
Ft 
Fa 





Table Il : Ratio of Fa/Ft for uncontrolled LIM 


Without transverse edge | With transverse edge 
effect effect 












Fig 3 Block diagram of Decoupled control of LIM 


Table IV gives details of studies conducted on decoupled 
controlled LIM. Fig 9-14 give the variation of Fa and Ft 
w.r.t. time with 20N load for two different flux- 
commands and Table V presents value of Fa/Ft ratio for 
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* Tene(eeconde) 
Fig 5 propulsion (N) vs time (sec) characteristics of uncontrolled LIM 
with load 20N at 0.6 sec. without transverse edge effect 





Tinefenconds) x 
Fig 6 Propulsion (N) vs time (sec) characteristics of uncontrolled LIM 
with load 20N at 0.6 sec. with transverse edge effect 





Fig 7 Attraction (N) vs time (sec) characteristics of uncontiolled LIM 
with load 20N at 0.6 sec. without transverse edge effect 
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Fig 8 Attraction (N) vs time (sec) characteristics of uncontrolled LIM 
with load 20N at 0.6 sec. with transverse edge effect 





Fig 9 Propulsion force (N) vs time (sec) characteristics of decoupled 
control of LIM with Ref. speed command 12m/s & Ref. flux command 
0.5 wb with transverse edge effect 
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Fig 10 Propulsion force (N) vs time (sec) characteristics of decoupled 
contro] of LIM with Ref. speed command 12m/s & Ref. flux command 
2 wb with transverse edge effect 
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Fig 11 Attraction force (N) vs time (sec) characteristics of decoupled 
control of LIM with Ref. speed command !2nvs & Ref. flux command 
05 wh with transveise edge effect 





Fig 12 Attraction force (N) vs time (sec) characteristics of decoupled 
contiol of LIM with Ref. speed command [2nvs & Ref. flux command 
2 wb with transverse edge effect 





Time{ase ) 
Fig 13 Propulsion force (N) vs time (sec) characteristics of decoupled 
control of LIM with Ref. speed command !0m/s & Ref. flux command 
05 wb with transverse edge effect 
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2 Ey} 3 


u 
Thme(sec ) 
Fig 14 Attraction force (N) vs time (sec) characterisucs of decoupled 
control of LIM with Ref speed command 10nvVs & Ref flux command 
0.5 wb with transverse edge effect i 
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V CONCLUSIONS 


An equivalent circuit model has been developed for the 
decoupled control of a linear induction motor. Simulation 
results show that with decoupled contro! the ratio of F/F, at 
starting is 1educed in comparison to the uncontrolled 
LIM. With a decoupled control of LIM the forces of 
attraction and propulsion can be controlled 
independently. 
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Abstract— Phase current and vibration of any type induction 
motor change when fault occur. This paper presents the 
application of the concept of fractal geometry to analyze chaotic 
properties fault. Root-mean- square value of current and 
instantaneous values of vibration is used to characterization of 
temporal system behavior; this result in relatively short time- 
series available for analysis. An algorithm is presented for pattern 
recognition and detection if faults; it is based on techniques suited 
for analysis. It is hased on techniques suited for analysis of 
relatively small data sets. This paper also presents an approach 
for quantization of power system behavior which lies between 
strict fractal dimension calculation algorithms and statistical 
estimation of randomness of change of variables in the system. 


Key words— Induction motor, current signal, vibration signal, 
rotor unbalance fault, fractals. 


1 INTRODUCTION 


OTORS today use two thirds of the total electricity 

consumed in the industry. The industry is becoming 
increasingly concerned about the ability of motors to ride 
through power system disturbances [1-2]. The majority of 
motors in the field are induction motor and there are many 
method pertinent to fault identification. The induction motor 
faults are generally classified as either mechanical or 
insulation system faults. Common mechanical faults include 
rotor bar breakage, rotor end ring cracking, static and/or 
dynamic air-gap irregularities, stator winding faults, bent shaft, 
rotor unbalance, bearing gearbox failures etc. Statistical data 
[3] shows that mechanical faults are responsible for more than 
95% of all failures. i 
There are different methods for detection of mechanical faults. 
Typical examples as related to this may include 
detection of air-gap eccentricity, shaft and bearing faults by 
monitoring the vibration signal [4] , acoustic noise, radio 
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frequency emission monitoring, partial 

measurement, motor current signature analysis etc. 
Different concepts of fractal geometry have been employed in 
recent years for quantization of chaotic behavior of nonlinear 
[5].Fractal dimensions, Lyapunov exponents, 
entropies, attractors etc. have been used with different rate of 
success for distinction between random noise in the system and 
chaos determined by some underlying physical process [6]. 

In the field of Engineering and Science different tools are used 
to studies the time varying signals. If there is a series of large 
no of data sets, estimation of fractal dimensions can be 
performed quite reliable. In recent years, estimation of fractal 
dimension has keen sought for small data sets as well with 
their length in the range of several hundred data points. 

This paper presents an approach for quantization of the 
behavior of faulty motor which lies between strict fractal 
dimension calculation algorithms and statistical estimation of 
randomness of change of vibration in the system. This 
compromise allows adjustment of sensitivity of the algorithm 
to changes of input values on different time scales, from 
fraction of second to multiple minutes. 


discharge 


I. FAULT DATA FROM THE MOTOR 


Vibration monitoring is a reliable tool for detecting bearing 
failures, rotor unbalance failures. Vibration data typically 
contain fault signatures and salient fault features because of 
direct measurement of the critical signal and placement of the 
vibration sensor. However, placing a sensing device on the 
motor might not be possible or practical in many applications, 
especially for a facility that employs a large number of 
electrical machines. For vibration measurement 
electromechanical systems are often equipped with mechanical 
sensors, primarily vibration sensors based on proximity 
probes. These are too expensive for industrial systems, and can 
cause heavy loss to the customer. This is why, in spite of the 
existence of vibration methods, it has been suggested that 
stator current monitoring can provide the same information 
without requiring access to the motor body. On the other hand, 
stator current is readily available in many applications, and is 
usually measured for motor protection. Many papers have been 
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published presenting methods for indication of these faults by 
use of stator current measurement. 


In the present paper, some experiments and fractal analysis are 
presented using motor vibration signal. 


I. FRACTAL ANALYSIS 


A. Theoretical Background: 

The fractal dimension (FD) of a waveform represents a 
powerful tool for transient detection. The term “fractal 
dimension” refers to a non-linear or fractional dimension of 
any object. Calculating the FD of waveforms is useful for 
transient detection with the additional advantage of fast 
computation. It consist of estimating the dimension of a time 
varying signal (waveform) directly in time domain, which 
allows significant saving in program run-time [7]. 

Given the S set of N data points {Ri} in a metric space, a 
capacity fractal dimension can be found, using box counting 
technique [8] 


dy = lim ESR 
Tad tad a oe a) 


where NB(e) is a minimal number of boxes ( squares of two 
dimensional sets) neede to cover the set, and is the linear size 
of box. 
Information dimension dI is similar to the capacity of 
dimension , except that NB is subsitutated woth the average 
information entropy function: 

Nt 
Ie) = Y- P(e,k) log P(e.) 

vat maal) 
where P(e,k) is the probability of the event that the k-th box of 
size € contains point of set S. 
One of the most popular measures is the spatial correlation 
dimension [8] 


log r (3) 
where the correlation integral, C(r) is given by 
Ci) = lim 


1 x Ei 
nD a WTA a Tie- Ral 


we (4) 
where H is the Heaviside function, and norm is Eucledian. 
The relationship between these three dimensions is defined by 
the inequality: 

d, s d, S dy Mee EEA (5) 


Although this inequality is theoretically strict, calculated 
values of fractral dimensions of different objects do not always 
conform to it, which may serve as indicator of poor estimation 
of the fractal dimensions. 
B. Calculation of fractal dimensions 

The fractal dimension value is obtained according to how the 
fractal itself 1s built. Fractals are constructed through a process 
of repetition where a shape is replaced with another shape, that 
is more complex but similar to the original. Fractals “ arise 
from the iterated application of simple rule,”[9.10]. All fractal 
shapes are built using the replacement rule. 

The temporal dynamics of vibration signal of induction motor 
is low-dimensional, with values of fractal dimension varying 
between | and 2. It is confirmed by calculation of fractal for 


time series-data sets for both normal and faulted conditions 
and can be for detection and discrimination of faults. Here 
fractal characteristics of chaotic behavior caused faulty 
condition are different from normal operation values, the 
direct use of fractal dimensions for pattern recognition 
purposes seems to be unreasonable. 

Fractal dimensions are calculated for the data set shown in the 
fig. 1. The absolute theoretical minimum number of data 
points needed for estimation of fractal is 10d, and another 
sometimes recommended estimate of minimum number of data 
point is 24d. 


Pe p 
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Fig. | variation of rms value of vibration with time 


The traditional box-counting technique used for estimation of 
fractal dimension involves monotone increase of the size of the 
time-vibration rectangles (boxes).Here procedure of increasing 
the size if the boxes quantizes chaotic temporal variations on 
different time scales. A somewhat similar, but more flexible 
concept of combined use of fractal number a classical 
smoothing function described latter. 

Chaos is generally misconstrued as incomprehensible disorder. 
To start with, chaos is defined as a function with sensitive 
dependence on initial conditions. A chaotic system is a class of 
motions in deterministic physical and mathematical systems 
whose time history has a sensitive dependence on initial 
conditions. 

As an aside, it should be noted here that more precise 
estimation of fractal dimension of vibration signals could be 
achieved by using larger set of instantaneous value of vibration 
signal. However the computational time tc required for 
calculation of fractal dimension by the algorithm increases 
significantly with the number of data points NB in the subset 
t =fl(d,)N, log Ny (6 


Where /f (dg) is a slowly varying function which depends on 
hardware and software used. This time increase hinders the 
possibility of real-time on-line fault identification. Only RMS 
values have been used in this paper. Nevertheless, use of more 
effective algorithms for estimation of fractal dimension could 
lead to the use of instantaneous vibration value. 


IV. DESCRIPTION OF THE ALGORITHM 


Here the detection of the algorithm has been designed to 
insensitive to the amplitude changes of the vibration signal, 
unless their chaotic temporal behavior changes with the 
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amplitude as well. This is achieved by the normalization of the 
values in each subset so that they are in the range of (0,1). 

A sliding time window is used for calculation of various 
parameters described below. 


A. Fractal Number: 
The fractal number F of the m-th data set 5,, which contains N 
data points is defined as 


wheie k and / are small integers, which define the interval 
between neighboring data points, / > k. Different norms can be 
assumed, however, a conventional Eucledian norm has been 
chosen. From the above equation it is seen that the ratio of 
metric lengths of the same time sequence is found using two 
different sampling rates. The algorithm was found to be more 
effective when the ratio //k was not an integer. In this case, not 
all data points from the I-step sampled subset belong to the k- 
sampled subset, which sometimes causes the fractal number to 
be less than zero. The minimum sampling frequency required 
for this algorithm is defined by the smallest common divisor of 
land k. 


B. Heaviside Function: 


The heaviside function H(s) of a parameter s is normally 
defined as: 
HG)=lif s > 0 
H(s)=lif s <0 we (9) 
Once the fractal number, F, is found for the subset of length N, 
its value is compared with a predetermined threshold value T. 
If the chaotic variations of the time series are relatively low, 
and no spike are present in the subset, the fractal number F is 
lower that the threshold value T, and the Heaviside function is 
set to 0. If the Heaviside function is higher than the threshold 
value, it is set to | as per the flow-chart. 
The period between changes of the Heaviside function is N 
times as long as the sampling period. The procedure is similar 
to increasing the box size in the box-counting algorithm. 


C. Smoothing Function: 

Chaotic variations of the fractal number are not always above 
the threshold level during the fault, and neither are they always 
below it during the fault and neither are they always below it 
during normal conditions. However, they are generally higher 
during the fault. The decision-making mechanism requires 
transition from flickering value of the Heaviside function to 
the state of accumulated confidence that the rotor unbalance 
fault indeed has happened, and it has not self cleared. This is 
achieved by using the smoothing technique. 

Smoothing function SM(t) for the time-changing Heaviside 
function H(s(t)) at the time ty 1s defined as 

fgto/2 


SM(to)=oit | H(s(f))dt<0.5 nann. (10) 


fg—to/2 


where is the width of the smoothing window. For better 
performance, the smoothing has been performed twice by 
putting SM(t) under the integral the integral instead of H(s(t)) 
of the above equation. 


D. Fault Identification: 
The final decision for identification of the fault. An intrinsic 
delay of nw/2 in the decision making process exists where n is 
the number of runs of a smoothing function. The shaded 
rectangles of the Figs........ show the width of the sliding 
window which contains information necessary for the output of 
the fault identification function . 
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Fig. 2.1 (c ) Heaviside function with time at the normal condition 


Fig.2.1(a) and 2.2 (a) shows the RMS value of the vibration 
signal at the normal and faulty condition respectively. The 
problem encountered with existing algorithms is that not only 
fault but also different transients are sometimes detected, and 
distinguishing between transients and faults is hard to perform 
automatically. Sharp transients probably are caused 
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Fig. 2.2(b) Fractal number variation with time at the faulty condition 
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* Fig. 2 2 (c) Heaviside function with time at the faulty condition 


by unsuccessful starting of a large electric motor; the 
Heaviside function is virtually unaffected by them because the 
values of the fractal number remain low. One random spike, 
still of a fairly low value ıs picked up by the Heaviside 
function but eliminated in the smoothing step. 


V. CONCLUSIONS 


This is a new method for induction motor mechanical faults 
are obtained by Fractal analysis of the vibration signal. Faults 
can be detected ın the time series of changing RMS values of 
the vibration signals using concept of fractal analysis. This 
can be used for the purpose of online noninvasive detection 
diagnosis of mechanical faults. One major advantage is that the 
described algorithm allows ‘distinction between switching 
transients in the system and faults. Sensitivity to different 
aspects of chaotic changes in time series can be adjusted by 
changing several key parameters of the algorithm 
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Abstract Mechanical vibrations become a serious concern in 
drive applications when they adversely affect the dynamic 
performances of these applications and may end with physical 
deterioration of their structures. Support Vector Machine (SVM) 
is used to classify different faults of the induction motor based on 
motor vibration or motor current .Here support vector training 
can be practically implemented, kernel mapping technique which 
is used to construct SVM solutions, it has large VC dimension for 
homogencous polynomial and Gaussian radial basis function 
kernels, A SVM based classification routine is applied to the PSD 
estimates to perform the fault classification of an induction motor 
and there exist several fault in addition to healthy operation. . 


Key words-~-Electrical Machines, Vibration Monitoring, 
Fault Classification, Data Fusion, Support Vector Machine, 
Power spectra Density. VC dimension, Pattern recognition. 


I. INTRODUCTION 


Il electric machines have complex mechanical structures 

that oscillate and coupled parts of machines generate 

noise and vibration, and the analysis of the produced 
noise and vibration can be used to provide information on the 
condition of the machine, including some of its parts. Noise 
and vibration in electrical machines are mainly caused by 
forces which are magnetic, mechanical aerodynamic origin. 
The largest sources of vibration in electrical machines are the 
radial forces due to the air-gap field. Since the air gap flux 
density distribution is the product of the resultant m.m.f. wave 
and the total permeance wave. The resultant m.m.f. also 
contain the effects of possible stator or rotor asymmetries. The 
permeance wave depends on the variations of the air-gap as 
well the resulting magnetic forces. Vibration will also depends 
on these asymmetries [1,2]. f 
Vibration can also arise due to vibration transmitted from the 
supporting structure to motor or due to asymmetries in the 
power supply, or unbalances in the driven load. Even small 
amplitude of vibrations can cause large amount of damage in 
different parts of the machine. When a mechanical part of the 
motor either wears or breaks up, a frequency component in the 
spectrum will change. Thus it is important to monitor the 
vibration signals [2]. 


Vibration monitoring system requires storing of a large amount 
of data. Vibration is in electrical machines can be monitored 
by use of vibration transducer (e.g. piezoelectric 
accelerometers are most widely used transducers for this 
purpose) mounted on different parts of the machine. For each 
machine there are typically several vibration signals and the 
detected vibration signals contain vital in for being analyzed in 
addition to some static parameters like load [1-3]. The 
examination of data can be tedious and sensitive to errors. 
Also, fault related machine vibration is usually corrupted with 
structural machine vibration and noise from interfering 
machinery. Further, depending on the sensor position, large 
deviations on noise may occur in measurements. 

Due to these problems intelligent compression of the multi- 
channel measurement data may aid in data management for 
fault diagnostics purpose. Independent component analysis 
(ICA) can be used to find a structure in large amount of 
multivariate data. ICA may be used to compress measurements 
from several channels into a smaller amount of channel 
combinations — statistically independent components of the 
Measurements - that could clearly indicate faults in the 
machine. 

In this article, independent component analysis (ICA) is 
studied to provide a robust and reliable fault diagnostics 
routine for a cage induction motor. In our study, resulting 
independent components are further processed with Power 
Spectrum Density (PSD) estimation and support vector 
machine (SVM) [8] — [9] based classification to obtain the 
knowledge of the motor condition. 


II. CLASSIFICATION WITH SUPPORT VECTOR MACHINES: 


SVM based classification is a relatively new machine learning 
method based on statistical learning theory [6]. In SVM, an 
optimal hyperplane is determined to maximize the 
generalization ability of the classifier by mapping the original 
input space into a high dimensional dot product space called 
feature space. 


A. Brief overview of some multi-class SVM methods 


a. one-against-all method: 
For k-class problem, the one-against-all method construct k 
SVM models. The ith SVM is trained with all of the training 
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examples in the ith class with positive level and all other 
examples with negative labels [18]. The final output of the 
one-against-all method is the class that corresponds to the 
SVM with the higest output value. Given | training examples 
(Lyi) (x2,y2), .... ee. , lyi), where xjE€ R,j = 1,....1 


and © t.2...k} is the class of xj, the ith SVM solves the 
following optimization problem: 


min Ljep + che 


2 a oe (1) 
subject to 
(Cx wipe b 21-8) ifyj=i 
(O(x,).w') +b! 2-148) if yj 4 
JA ae 
The decision function of the ith SVM is 


L= (Daw) m 


A point x is in the class that corresponds to the largest value of 
the decision function: 


The class of x = arg max i=1,....k( (Paw) +b'). 


b.  All-together method: 
Vapnik proposed an approach for multi-class problems that 
constructed a single optimisation problem by considering all 
classes at once[18]. It is similar to the above method. It 
calculates k decision functions where the mth decision 
function 
(o (x).w" J+ p~ separates the training examples of the class 


m from the other examples. In the one-against-all method there 
are k different optimisation problems whereas in this method 
all are obtained by solving one optimisation problem. The 
formulation is as follows: 


min LY w =c¥ et ®) 


jal may, 


subject to ((x,).v” )+b? 2(@(x,).w") +6" +2-EF 
E">0, f= lend. 


me {luk} Vy, 

A point x is in the class that corresponds to the largest value of 
the decision functions: 

The class of x = arg max wi, xÈ ((x).w') +b’). 

Which is same as one against all method. 


B. The Vapink-Chervonenkis (VC) Dimension : 
The VC dimension is a property of a set of functions 
{f(a)} (again, we use œ as a generic set of parameters: a 
choice of œ specifies a particular function), and can be 
defined for various classes of function f Here we will only 
consider functions that correspond to the two-class pattern 
recognition case, so that f (x,a@)e {-1,-1}Ux,@. Now if 


a given set of l points can be labeled in all possible J: ways, 
and for each labeling, a member of the set {f(œ)}can be 


found which correctly assigns those labels, we say that that set 
of points is shattered by that set of functions. The VC 
dimension for the set of functions {f (œ)}is defined as the 


maximum number of training points that can be shattered by 
{f (@)}. Note that, if the VC dimension is 4, then there exists 


at least one set of A,points that can be shattered, but it in 
general it will not be true that every set of A,points can be 
shattered [11]. VC dimension of the set of a hyper plane is 
equal to n+1 ( Where n is the dimension of the space). 


C. A- Margin separating hyper-plane : 


Let x, = xE R", be asample of xe R” and belong to Class 
I or Class II. For linearly separable data, it is possible to 
determine a hyperplane that separates the data leaving one 
class on one side of the hyperplane, the other on the other side. 
This plane can be describe by the equation: 


f (x)= wx+b= ¥ wx +b=0_.... (4) 
yal 


where we R” is a weight vector and b is a scalar. The vector 
w and the scalar b determine the position of the separating 
hyperplane. 


Let us define the label y, associated to x, as y,= 1 if 
x, belongs to Class I, y = -1 if x,belongs to Class I. A 


separating hyperplane satisfies the constraints f (x ) a0 , if 
y,=1,and f(x,)<0, y,=-1. A separating hyperplane is 

called a A — margin separating hyperplane, if it satisfies {hw Š 
I and 

y=1,if w x+b2A 
y=1,if wxtb<-A 

However, Vapnik has shown that, if xe R” belong to sphere 


of radius R, the VC dimension of A — margin separating 
hyperplanes is bounded by the following: 


re [feed] 


D. Maximal margin classification: 
When formulating SVMs [11], A-margin separating hyper 
planes are considered with aim to maximize the margin and 
setting , | we f(x, )2+1, if y,=+l and f (x,)< 


|| 





-1, if y,=-1. The inequalities can be combined with equation 
(3.2.1) so that: 

yf (%)=y, (wx, +b) 21, 

fortel Zorans M wee (7) 


The margin can also be calculated through the geometrical 
margin Y , which is defined as half of the sum of the distance 


between arbıtrary separating hyperplane the nearest negative 
and positive datum (x and x*): 
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FRA] 
i gr” x )-(w's’)) 


mr . (8) 


Where x°is a point on a hyperplane, The separating 
hyperplane that maximizes the margin is called the optimal 
separating hyperplane. An example of optimal separating 
hyperplane of two datasets is in the fig 2.3. 
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Fig. | Optimal Hyperplane 


The optimal separating hyperplane can be searched among so- 
called canonical hyperplanes, which fulfil wx +b=1 and 
w'x +b =~I, leading to the following simplified expression 
for the geometrical margin: 


l 
Y= annn : (9) 


IW; 
Since the optimal hyperplane maximizes the margin, it can be 
found by solving the following comvex quadratic optimisation 
problem; 


minimize Hwt 


subject to y,(w'x, oo) east Rar tes Ot (10) 


If the number of attributes of data examples is large, the 
calculations can be considerably simplified by converting the 
problem to the equivalent Lagrange dual problem. The 
Lagrange function for equation (4) is: 


L(w,b,a)= Low"wed: a, [ y,QwTw)+b) -1] wee CAL) 


where Œ = (0, Œ, Ogyen Œ) is the Lagrange 
multiplier. The dual problem is : 

maximize L(w,b,&) ; 
subject to @ 20, j=1,2,......... M- oasis . (12) 


By differentiating equation (11) with respect to w and b and 
imposing stationary, we get: l 


ƏL “ 
——(w,b,a@)=w- 5 y,a,x,=0 
ow iat eaves (13) 


af 
2L wba) ay ya, = 0 


iml 


From equation (11) & (13) the dual representation of the 
optimization problem is achieved: 
maximize W (a )= $, a,- >> Oy x, x, 
skan 


tal 


i .. (14) 
subjectto $, y,a, = 0 


wet 


where is the Lagrange multiplier vector. Let us assume that 
optimal solution for the dual problem is a@* and b*. 
According to the Karush-Khun-Tucker theorem, the equality 
condition holds for training input-output pair. In this case , the 
training example xi is called a support vector (SV), i.e. the 
SVs are such training samples that are on the margin of two 
datasets. As shown in the fig. 

These samples give the name to this learning machine, because 
they show to be very important in the classification both 
computationally and concerning the generalization. 


E. The Non-Separable Case : 
For non-separable data, will find no feasible solution: this will 
be evidenced by the objective function (i.e. the dual 
Lagrangian) growing arbitrarily large. Here it is done by 
introducing positive slack variables € i =1,2........ „lin the 
constraints (Cortes and Vapnik, 1995), which then become: 
x,.w+b2ti-€ fory, =+] 


x.w+b2-14+€ fory =-1 
Thus, for an error to occur, the corresponding E, must exceed 


unity, so sé is an upper bound on the number of training 


errors. Hence a natural way to assign an extra cost for errors is 
2 
to change the objective function be minimized from [|| /2to 


Jw? 72+ C(>,,&)* , where C is a parameter to be chosen 


by the user, a larger C corresponding to assigning a higher 
penalty to errors. As it stands, this is a convex programming 
problem for any positive integer k; for k = 2and k = lit 1s also 
a quadratic programming problem, and the choice k = 1 has 
the further advantage that neither the € , nor their Lagrange 


multipliers, appear in the Wolfe dual problem, which becomes: 


` Maximize: 
Ly = >, 4, -25 a, ,Y, YX, (17) 
abes: . 
osa sC apis (18) 
SENSO! | Naaa (19) 


The solution is again given by 


395 


Proceeding of International Conference MS’07, India, December 3-5, 2007 


Start test sample x, 





Thus the only difference from the optimal hyperplane case is 
that the œ, now have an upper bound of C. The situation is 


summarized schematically in Figure 2.4. 


ye * 





Figure:2 Linear separating hyperplanes for the non-separable 
case 


We will need the Karush-Kuhn-Tucker conditions for the 
primal problem. The primal Lagrangian is 


A -iwf cE -Zaira w+- -En 


(21) 
where the H, are the Lagrange multipliers introduced to 


soenurosasosesereenao 


enforce positivity of the & , The 
KKT conditions for the primal problem are therefore 


E E yExS0 
ow ae = hel et) 





3L ` . (22) 
zp (abe) = 23.0, =0 

a =H, =0 wee (23) 
dE, pe 

y,(%.wtb)—-1+6 20... (24) 
SSO aA (25) 
D0 Jaina (26) 
W207 giria (27) 

a {y (x.w+b)-14+6}=0 . (28) 
POE: EEE . (29) 


As before, we can use the KKT complementarily conditions, 
Esq. (2.4.13) and (2.4.14), to determine the threshold b. 


I. MULTI-CLASS SVM CLASSIFICATION ALGORITHM: 


SVM was originally designed for binary classification. Multi- 
class (K- class, k>2) classification can be obtained of binary 
classification. There is a relationship between the binary 
classification and multi-classification. 


Sint Ow?) Kix ped? jea 
vap 
| 


Yes 













Fig. 3 Flow-chart for SVM classification algorithm 

Suppose we have classable K-class problem; then it must be 
separated from cach other by binary classification, On the 
contrary, in a K-class event, it must be K- class classable 1f any 
two classes of it is separable. Two method “one-against-one” 
and one-against-all” two methods are discussed above. 
We see that for both the case class of ‘x’ should be same, each 
classifier is trained with all the data. In case that two classes 
have identical votes and both are the maximum, how we can 
make the decision? In this it may not be good strategy. To deal 
with this problem we simply we select one with the small 
index. So it is necessary to number the important or more often 
appearing fault with small index. 


IV. RESULT: 


ROTOR UNBALANCE FAULT: 

In fig 4.1 presented current and vibrations in a healthy 
situation with no load. 

Training data is formed by calculating PSD estimates from 
different parts of vibration signal in healthy and rotor 
unbalance situations [1]. 


V. CONCLUSION 


This system is applied to multi-channel vibration 
measurements of an induction motor to fuse the measurement 
information of several channels, and provide robust and 
reliable rotor unbalance fault detection. All components were 
found from the measurement set and their PSD estimates were 
calculated with Welch’s method. A SVM based 
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Fig 4.1 
(m/s2) in healthy motor 


current and vibration measurements 


In fig 4.2 presented vibrations when the rotor 
unbalance fault occur with no load. 
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Fig 4.3 : PSD estimation of the Vibration in rotor 
Unbalance situation. 
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Fig 4. 4: PSD estimation of the Vibration in healthy 


situation 





Fig:4.5 Training point for Classification 


classification routine was applied to the PSD samples to 
perform the fault diagnosis which is basically artificial 
intelligent technique for fault diagnosis. 
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Abstract—This paper presents a technique for diagnosis of rotor 
mass unbalance of an induction motor using analysis of motor 
vibration and Motor Current Signatures. The signatures of both 
motor current and vibration for a known faulty motor are first 
captured and analyzed through FFT to ‘detect diagnostic 
harmonics for the specific fault. This developed technique has 
been tested in the laboratory on a machine fault simulator having 
an unknown motor and scen to show results in conformity with 
the developed technique. This paper first discusses unbalanced 
rotor fault of an induction motor and then gives a brief overview 
of the change in different harmonics present in the stator current 
and the rotor vibration in the Z-direction in comparison to those 
present in the healthy motor. 


Key words—Data acquisition, Fault diagnosis, FFT, Induction 
motor, MCSA, Unbalanced rotor fault. 


I. INTRODUCTION 


| peas motor drives are the most widely used electrical 
drives due to motor robustness, simple construction, low 
cost, high efficiency, simple starting arrangement, reliable 
operation and easy maintenance. About 50% of the total 
energy used in an industry is consumed by induction motor 
drives. Hence it ıs an important issue to avoid any kind of 
failure of induction motor to avoid any loss in production time 
or money. Because in many applications the failure in 
induction motor can shut down, even, the entire industrial 
process. Operators of electrical motors are under continual 
pressure to reduce maintenance cost and prevent unscheduled 


downtime of motors. This necessitate the on-line monitoring of. 


the health of the drive system which gives birth to the 
condition based maintenance ( CBM ). In CBM technique, 
generally, vibration signature analysis is used to diagnose 


motor faults which may be electrical or mechanical or any 
other fault either internal or external. 

One of the most inconvenient fault in the induction motor is 
the unbalanced rotor. There are a lot of causes for rotor 
unbalance. On review of the recent research works it is seen 
that many techniques have been proposed for motor fault 
detection and diagnosis. These techniques include MCSA to 
detect broken rotor bars [1], [3], [6], [7]: to detect bearing 
defects [5], [10]; to detect stator short circuit fault [6]; 
vibration monitoring to detect eccentricity defect [8]; coupling 
misalignment [11]; acoustic diagnosis technique to detect 
machine insulation fault [9]. But very little work has been 


„done on mass-unbalance-rotor fault. In this paper, the target is 


fixed on mass unbalance of the rotor. To diagnose the mass 
unbalance, besides the vibration signature analysis, Motor 
Current Signature Analysis (MCSA) is also simultaneously 
done. 
Rotor unbalance is unequal distribution of weight around the 
center of rotation of rotor due to which the centre of gravity of 
the rotor does not coincide with the center of rotation causing 
excessive vibration. Unbalance may happen due to : 
- Manufacturing problems, 
- Nonsymmetrical mass addition or reduction due to 
wear, corrosion or erosion etc., 
- Internal misalignment or shaft bending due to thermal 
expansion or contraction. 
Different type of unbalance are : 
1. Static unbalance- where rotational axis and weight 
distribution axis of rotor are parallel but offset. 
2. Couple unbalance- here rotational axis and weight 
distribution axis of rotor intersect at the center of rotor. 
3. Dynamic unbalance- here rotational axis and weight 
distribution axis of rotor do not coincide. It is a combination of 
static and couple unbalance. It is the most common type of 
unbalance. 
It is known that in a cage winding induction motor rotor 
current produces an effective 3 phase magnetic field with the 
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same number of poles as the stator field but rotates at slip 
frequency fı = s.f with respect to the rotating rotor where f is 
supply frequency and s is slip. With a symmetrical cage 
winding, only a forward rotating magnetic field exists. If rotor 
asymmetry occurs then there will also be a resultant backward 
rotating field at slip frequency with respect to the forward 
rotating rotor [1]. This implies that unbalance rotor faults can 
be detected by analyzing the change in current spectrum. 

The main focus of the paper is to prepare a data bank 
containing vibration signature and motor current signature at 
rated speed of a mass-unbalanced-rotor induction motor in 
comparison to a healthy induction motor and to study their 
FFT to make a diagnostic to locate this fault in a motor. The 
same analysis has been applied to an unknown motor in the 
laboratory in which tt is seen that the developed diagnostic 
gives a good indication of the health of the motor. 


u. THEORY 


It has been observed that individual faults are sensitive to 
particular number of harmonics and the amplitude of 
harmonics changes for different faults. Also if amplitude of 
these harmonics is over 50dB smaller than the fundamental 
frequency component amplitude, then the faulty motor can’t be 
differentiated from the healthy one [2]. 

In case of unbalance rotor of induction motor, air gap flux 
changes during the run of the motor. As a result induced 
voltage in the rotor changes which changes the stator voltage 
and hence stator current also changes. This change in stator 
current depends on the amount of variation of the air gap flux. 
It is proportional to the flux density squared waveform in the 
induction motor [3]. Thus the motor current should give a 
reflection of the mechanical fault in motor. 

Moreover it is well known that mechanical fault in a motor is 
generally detected by mechanical vibration spectrum analysis. 
In some cases the vibration analysis alone or MCSA alone may 
not give sufficient information about the fault in a motor. 
Hence in this attempt both the signatures are captured and 
analyzed for detection of the fault. 


HI. EXPERIMENTAL SETUP 


Experiment was carried out by test-set-up built by 
Spectraquest, USA, having a high speed data acquisition 
system. Rating of the induction motor is 3ph, 1/3HP, 380V, 
50Hz, 2980rpm. An induction motor of same rating with 
unbalanced rotor is used as faulty motor. Motor is loaded 
mechanically and is supplied through power supply converter 
as shown ın Fig.l. For current signature Hall Probe ( LEM 
PR30 ACV 600V CATHI 30Ampac/3Vac ) and for vibration 
signature Piezo-electric transducer (IMI 604B31 ICP 
9.6Mv/(mm/sec’)) are used. Data for current signature for all 
the three phases and for vibration signature in X,Y,Z 
directions are collected. 
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Fig. 1a Block diagram of the Measurement Configuration 





Fig. 1b Experimental Setup 


IV. RESULTS AND DISCUSSION 


A. Analysis of Current Data: Current data for all the three 
phases are collected, but being similar for all the phases here 
only Y phase has been presented. In the following Table 1 the 
amplitudes of the predominant harmonics are given for the Y 
phase only, both for healthy and faulty motors of same rating 
and their graphs are shown in Figs.2, 3, 4. Figs.2a, 3a, 4a for 
healthy motor and Figs.2b, 3b, 4b for unbalance rotor motor. 
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Fig. 2a Hall Probe output of Y phase of healthy motor at 2980rpm under 
no-load condition 
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Fig. 2b Hall Probe output of Y phase of faulty motor at 2980rpm under 
no-load condition 
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Fig. 3a Hall Probe output of Y phase of healthy motor at 2980rpm with 
single-mass load condition 
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Fig. 3b Hall Probe output of Y phase of faulty motor at 2980rpm with 
single-mass load condition 
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Fig. 4a Hall Probe output of Y phase of healthy motor at 2980rpm with 
double-mass load condition 
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Fig. 4b Hall Probe output of Y phase of faulty motor at 2980rpm with 
double-mass load condition 


Table 2 
Ratio of amplitudes of 2™ and 3% harmonics 


| | Healthy Motor | _ Unbalanced rotor Motor | 
Ph | At No double | AtNo | single | double 
Load mass | mass Load | mass mass 

load | load load load 


1.1723 | 0.9643 


B. Analysis of Vibration Data: Data for all the three 
directions, X, Y, Z, are collected but vibration in the Z- 
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direction being more prominent in Figs..5, 6 and 7 the FFT of 
vibration spectrum in the Z-direction at different loads are 
shown. Figs.5a, 6a and 7a are for healthy motor and Figs.Sb, 
6b and 7b are for mass-unbalance-rotor motor. 
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Fig. 6b Vibiation of mass-unbalance-rotor motor at 2980rpm with single 
mass Load 
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Fig. 7b Vibration of mass-umbalance-rotor motor at 2980rpm with 
double mass Load 
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C. Discussions 


From the table of current signature data, variations, though 
very small, in the amplitudes of different harmonics are 
observed. This is due to small unbalance in a very small motor. 
The variations in the 3™ harmonic being prominent, in Table 2, 
the ratio of the magnitudes of 2™ and 3™ for Y phase at 
different load is shown. It is seen that incase of mass- 
unbalance-rotor motor the ratio is more than that of healthy 
motor. From the FFT curves, acceleration vs. frequency, in no- 
load or loaded condition distinct variations, in compare to the 
healthy motor, are observed in case of the rotor-unbalance 
motor. To get a relation between healthy and faulty motors one 
column depicting the ratio of amplitudes of (1* + 3™ ) and 2™ 
harmonics is introduced in Table 3, which shows that in case 
of mass-unbalance-rotor motor the ratio is more than that of 
healthy motor. 


V CONCLUSION 

Though vibration sensors are delicate and expensive, 
analysis of Vibration signature for motor health determination 
is a well-known fact. On the other hand, in many applications, 
stator current is readily available, as is usually measured for 
motor protection. This stator current can provide same 
indications regarding motor health [5]. For these reasons stator 
current monitoring are preferred presently. In this present 
paper, both current signature and vibration signature are 
analyzed by FFT. From analysis it is seen that for the mass- 
unbalance-rotor motor (here called faulty motor), both current 
signature and vibration signature analysis can provide concrete 
conclusion to identify the faulty motor from that of healthy 
one. Hence it can be concluded that for condition maintenance, 
prior to the fault occurrence, both vibration and current 
signature analysis are required, for zero down-time operation 
of the motor. Here the experiment was carried out on a small 
motor. Tests for large and medium sized motor on higher loads 
are to be carried out for validity of the conclusion made in this 


paper. 
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Abstract — The motion of weak spherical shock in non-uniform op 4 apu) 4 pu =0 --(1) 
atmosphere has been investigated by Chester-Chesnell-Whitham g 
model. This model often used to study the freely propagation of a Or r 


shock waves in uniform and non-uniform media. Though the 
effect of overtaking disturbances plays an important role, for the 
sake of simplicity, its effect on the shock has been ignored here. 4, 

The analytical relations for shock velocity and shock strength — 4u — + - — +- —4- - ~=0-(2) 
have been discussed with the heip of figures/tables. These results ĝt 

obtained are also compared with those obtained elsewhere. 


Keywords - Shock Waves, Fluid Mechanics ch th 
I. INTRODUCTION — +u— +- —(u)=0 ~G) 
OMOTHERMAL flows have been discussed by Sedov at & ror 


(1959), Koroboinikov (1956), Riazanov, Zababakhin and 
Simonenko (1965) have considered the structure of a 


converging shock, taking into account the radiant heat ð —(4) 
exchange and have found that a shock wave becomes nearly — (v1) =0 
isothermal as it approaches its faces. Laumbach and Probstein a 


(1970) have discussed the point explosion for radiating flow in 

an exponential atmosphere and in another paper, they have f 
studied the isothermal flow in the case of an ascending shock (& œ pæ ð, 12 

in an atmosphere which behave as a cantinumm. Nath (1989) —4 y— - -|- +u ~|+ - -(p=0 —G) 
studied the theoretical model of cylindrical MHD shock wave a ar p a a rar 

under the action of monachromatic radiation in non-uniform P 

stellar atmosphere with a constant intensity on unit area, 

assuming the gas to be grae and opaque as well as the shock to om 

be transparant. —= 2npr --(6) 
Sachdev and Ashraf explained the converging spherical and oO 

cylindrical shocks with zero temperature gradient in the rare 

flow fluid. Verma and Singh (1980) extended the problem of Bi 3 7) 
self-similar strong shocks in magnetoradiative gas. Ashok a kj 

Ganguly and Mrinal Jana (2002) discussed the propagation of 

cylindrical of MHD shock with verying energy in a non- The strong shock conditions are given by: 

uniform medium. In this present paper we have extended 

C.C.W. method for the problem of the motion of spherical: 2U 2U ___ (rt) se 2QU? 


e 


shock waves in self-gravitating heat conducting medium and YU" y7] FI)? ? ea? 
analysed the flow of shock propagation like shock velocity U, rl) me) (1) i ) —(8) 
praticle velocity u, shock strength U/a and pressure p/po. ae 2u" hohe (y+1) m =m = 2n 
aĵ (+1) (2 +B) 
IU SOLUTION 


H. EQUATIONS OF MOTION AND BOUNDARY 
CONDITIONS: 
The basic equations of motion in cylindrical symmetry are i 
Í bet E D eoni 
dp+ padu + dtii | p z (0+ Om-v ta ; 70 ~(9) 


uta 


The characteristic equation is- 


t 
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when medium has density distribution por”, where wis == [ Bor®= -10 +a (y+1)] (1+2y) (7+1) 
a 


constant, from equation (8) 


to a- 
aC ok (asp) (148) 
Q-1)2 = 
4p xbr tP) [14(1-904B)] 





[c-a9202+ 
G= 





putting those values in equation (9) and solving we get 


2 
< Lor! (y-1yu2 + [20-a (r+1)] (1+2) (4 


64nuU8 
+ (Sy-1) (1-9) [2U-a (y+1)] ( Ey ) 
R'a 


+ (1+B) (147) (1+2)[2U-a(y+1)] [1-(1-1) (1+B)] 


a 
(<2) [(1-1)r4U2(1-24)+2UC712(142y)-A(1421) (1-27)] 


+1 -La[2U-a( y+ n=) [a(y+l 20)}/ 
a 


[4r®U(1-y)-2ra(1+y)] 


after integrating above expression. The expression for shock 
velocity U, shock strength U/ag, particle velocity u and 


pressure ppo are computed. 


IV . RESULTS AND DISCUSSION 
Results are obtained in the following forms: 


2 
Us | lwr! (y-1yUP + [2-a t 2) (ret) SE 


64NU8 
+ (5-1) (1-9) [20-4 (7+1) ( —7— ) 
R'a 


+ (1+B) (147) (14 2y)[2U-a(y+1)) [1-(1-r) (1+B)} ' 


a 
(<3) [(1-1)r4U2(1-29)+2UC42(1429)-A(1 429) (1-2y)] 
10- I 
+rO-la[2U-e(y+ 1) J —— } la(y+1)-2U]] dr 
rOata[2U-a(r+ Dh - ) / 


(4rU(1-7}-2ra(1+y)] 


cis 
8 
64NU8 
+ (Sy-1) (1-9) [20-a (+ D] ( —7 ) 
R'a 
+ (1+8) (1+7) (1+2y)[2U-a{(7+1)] [1-(1-r) (14B)] 


a 
( aa) {(1-1)r4U%(1-2y)+2UCr2(1+2y)-A(142y) (1-27)] 


+r®-1a[2 uayen) [a(y+1)-2U)] dr/ 
a 


[4r@U(1-y)-2r%a(1+y)]a9 


` 


Ww 
= 
pv 
po af (r+!) 


Initially taking B=.1, o=1 and U=1500 at r=10, 
the nature of flow variable are illustrated through tables 1 
and 2. In the table 1, it is observed that the shock velocity 
U, shock strength U/ao, particle velocity u and pressure 
P/Po decreases as the distance increases from the shock 
source. Similar results are obtained in the table-2 as the 
propagation distance from the shock source Increases. 


Table 1 

[40.1 | 1470.44 | 420 | 1262.18 | 20.15 | 
[102 | 1441.75 | 411 | 1237.55 | 1937 | 
[10.3 | 14.13.89 | 4.03 | 1213.63 | 18.62 | 
[10.4 | 1386.83 | 3.96 | 1190.41 | 1792 | 









[10.6 | 1334.99 | 3.81 | 1145.91 | 16.60 | 
[10.7 | 1310.15 | 3.74 Į 1124.59 | 15.99 | 
| 1286.00 | 3.67 | 1103.80 | 1541 | 
| 1262.51 | 3.60 | 1083.69 | 14.85 | 


1239.66 1432 








Table 2 
Um | u | w | 
3. 







10.7 

[10.8 | 
109 | ; 

f u 0 
eee U 
ma | 1217.43 1045.00 
1195.79 1026.42 1332 
| 11.3 | 1174.72 1008.34 | 12.85 | 
| 11.5 | 1134.21 937.57 
| ILG | 1114.74 
118 | 
19 | 


1154.20 990.72 12.41 


| 11.98 | 

318 | 965.85 | 1158 | 

| 1095.77 | 3.13 | 940.57 | 1118 | 
| 4077.27 | _ 3.07 | 924.69 | 10.80 | 
| 1059.24 | 3.02 | 909.21 | 1041 | 


894.12 
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` Abstract— This paper presents the development of a 
computational model for simulating the sizing and techno- 
economical {optimization of hybrid photovoltaic-wind power 
system S) The performance of PV and wind system has 
been evaluated through more accurate and practical 
mathematical models, combining with hourly measured 
meteorological input data and load data. Design of HPWS is 
based on Concept of Loss of Power Supply Probability (LPSP) 
as key system parameter for reliability and minimization of the 
life cycle cost of the system. Methodology used in this model, 
allows quick identification of optimal configuration based on 
user’s desired reliability level and economical (life cycle cost) 
performance of system. Applicability of model has been 
iltustrated with a case study. Program has been developed in 
MATLAB 7.0 environment using energy balance calculation 
method 


Key words—Economic evaluation, PV/wind hybrid system, 
Lass of power supply probability, Optimum configuration. . 


I. INTRODUCTION 


Renewable energy resources, such as solar and wind power 
are inexhaustible within the time horizon of humanity. Unlike 
. the fossil fuels, they are very well distributed all over the 
word. The main hurdle associated with them is their diluted 
nature, due to which high cost equipments are needed to 
convert them in to usable form. Economic considerations, 
quality of supply, and type of necessary energy need plays an 


important role in the selection of such technology. In this. 


context, the photovoltaic and wind turbine technology are 
most promising . 

Many studies have been carried out in the area of hybrid 
renewable power system [2]-[8]. Most of these works 


4 


407 


reported so far use the single diode model of photovoltaic 
(PV) module to evaluate solar power, and a simple 
mathematical model based on mean wind speed of site and 
the speed characteristics of wind turbine, for wind power 
prediction. 

This paper addresses a computer program for simulation of 
hybrid power system The program includes, an improved 
mathematical model for PV module, considering the second 
order effects, such as the influence of the irradiance in the 
open circuit voltage, the non-linearity due to low irradiance 
and a wind turbine model derived by fitting the practical 
output characteristics curve, using least square method for 
accurate prediction of available solar and wind power. In 
order to have fitting guarantee, three binomial expressions 
are used in wind model. program selects the optimal wind 
turbine on the basis of calculation of optimum wind speed 
using weinbull scale parameter and shape parameter. 

Loss of power supply probability (LPSP) technique is used as 
performance measure to asses the system reliability. For a fix 
capacity of wind turbine generators, the whole year’s LPSP 
values of PV-Wind hybrid systems with different no of 
photovoltaic module and battery combinations are calculated 
first and then, all possible combinations satisfying the desired 
reliability level are extracted from them for life cycle cost 
calculation. The developed program allows quick 
identification of optimal configuration based on user’s 
desired reliability level and economical (life cycle cost) 
performance of system. 


H. HYBRID SYSTEM CONFIGURATION 


The block diagram for a typical standalone PV-wind hybrid 
system is shown in Fig. 1. The system consists of PV array, 
wind turbine, battery storage, charge controller, ac load and a 
dump load. The generating system comporents are selected, 
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for the load to be supplied on the basis of optimum wind 
speed of wind turbine and the cost of photovoltaic module. 
However, this is not a requirement, and the model can be 
used to estimate the total generating capacity 
(PV+wind+battery) and its cost for a particular application. 
When the generated power by PV and wind system is more 
than the required load power, the storage batteries are 
charged until a specific upper limit of battery charge is 
reached. At this point the excess power is diverted to the 
dump load .The purpose of incorporating the dump load (a 
controlled resistor) is to maintain the stability of the system 
frequency and voltage .If the excess energy can not be 
consumed by the load, then it must be disposed as heat by 
controlled resistor [9]. Storage batteries will discharge, 
supplying power to the load, when load demand exceeds the 
generated power. They will continuously be supplying power 
to the load until specified lower limit for battery charge is 
reached .At that point, the battery will stop supplying power 
to the load. 


TT. COMPONENT MODELING 


A. PV Array Model 
The photo-voltaic (PV) module is modeled, by equivalent 
circuit shown in Fig.2. The module equivalent circuit current 


I can be expressed as function of the module voltage V by 
[10]: 


iè i-e] a) 
V -Vi +V, In 1-74 
Rs= i (2) 


Th 

Where Isc, Voc, Rs, Vt are short circuit current, open circuit 
voltage, series resistance, thermal voltage respectively. 

The voltage Vt equals 25mV at 300 K for a typical 
crystalline silicon solar cell. This expression is inconvenient 
to use in the sense that J is implicit, theoretically making it 
necessary to solve it iteratively. However, for voltage close to 
maximum power point, a reasonably accurate solution can be 
obtained with only one iteration by setting I=0.9Isc in the 
second term. 


Ae 
Controller F V 


SEAE 
EA 








The model represented by (1) is based on standard and 
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widely use information, which is an undeniable advantage. 
Furthermore, it is simple to use. However, such simplicity is 
at the cost neglecting the second order effects. These second 
order effects can be taken in to account by, using the 
modified values of short circuit current and open circuit 
voltage in the expression (1) as under [10]: 





- - . O 
Fig.2 Equivalent circuit of a module 


sii pile (Te-Te” )| 
G| dT, 
Tc=Ta+C,Geff 


_ NOCT(?c)— 20 
Í 800W / m? 


feas] 


where, the parameters in above equation are: 
NOCT=normal operating cell temperature of module 
STC=standard test conditions of module 

I= Short circuit current of module at STC 
Voces Open circuit voltage of module at STC 
In = Maximum current of module at STC 
Vm = Maximum voltage of module at STC 
G"_Irradiance at STC 
T. -Temperature of module at STC 
T,- Ambient temperature 

T Operating temperature of module above ambient 
Gear-Effective uradiance, related to incidence angle 
dl,./dT.=Temperature coefficient of current 
dV,,./dT=Temperature coefficient of voltage 


6,, =Empirically adjusted parameter = -0.04 


se” 








G,.=Empirically adjusted parameter=G* 
The power generated by solar system is calculated as: 


P, (t)=Npv.Vm(t).Im(t) 1 


Where Py (t) is power generated by solar system, Npv is the 
number of modules used in solar system, Vm(t)and Im(t) are 
the values of maximum voltage and current of module at time 
t, respectively, assuming that solar system has a tracking 
system and a maximum power point tracker. 


B. Wind Turbine Model 


The hourly output of wind turbine is determined by average 
hourly wind speed at the hub height and output 
characteracteristic of wind generator. Therefore, when 
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calculating the output of wind generator, the measured data 
of average hourly wind speed must be converted to the 
corresponding values at the hub height using following 
relation [3]. ; 

V=Vo (h/hg)” (8) 
Where V is wind speed at projected height, h;Vo is wind 
speed at the reference height, ho; ais the ground surface 
friction coefficient, in this paper, the one —seventh-power law 
ratio is used. It is has been observed that, even if different 
types of wind generators with the same rated power are used 
at the same site, they can generate different amount of power 
output because of difference in their output characteristics. 
The hourly power output of any’ wind generator can be 
calculated accurately only by using the performance 
characteristic of its own. In this paper, the characteristic 
equation of wind generator is obtained by fitting the practical 
output characteristic curve using a least square minimization 
technique. In order to guarantee the fitting accuracy three 
quadratic functions are used. The curve fitting equation of the 
output characteristic of wind generator can be expressed as: 


0 (Y< Va) 
ayv’+b,v+c, (Va SY<Y,) (9) 
PL()={a,v'+b,v+c, (Vv, Sv<v,) 
a,v +b,v+c, (Vv, SVSv,,) 
0 (V> Von) 


Where Py (t)is the hourly output power of wind generator at 
wind speed, v; v is wind speed at projected height at time 


t; Va and V oyt are cut-in and cut-off wind speed of the wind 
generator, respectively. 


C. . Storage Battery Model 
A model for the storage battery is needed to predict the rate 
at which the battery is charged (discharged), when the 
generated power is more (less) than demand. When generated 
power exceeds load demand, battery bank will be in charging 
state. On the other hand, the battery bank will be in 
discharging state. The output signal representing the health of 
battery is the battery state of charge (SOC), which will vary 
as a function of power flow into or out of battery.: The SOC 
of battery storage at any hour t can be obtained by monitoring 
the charge/discharge energy to/ from the battery as given by 
following expressions: 
Eb(t) = Eb(t-1)-E,,, (+E waa (t) (10) 


B,,,(t)=min[ Charge Lim, (EKM -E8() Msa |01) 
Epam (t)=min[ Charge Lim, (Eg(t)-El(t)/ey os |(12) 


where Eb(t)and Eb(t-l)are the state of charge (SOC) of 
battery at the time t and (t-1) respectively; Epenm(t) and 
Enu(t)are the charge and discharge quantities of battery 
storage; El(t) is load demand; Eg(t)is the total energy 


produced by photovoltaic and wind systems at time t;T]ıny and 
Mban are the efficiency of inverter and charge/discharge 
efficiency of battery storage respectively; Charge Lim is the 
maximum allowable charge /discharge energy to/from the 
battery, assumed to be equal to 10% of total battery storage 
capacity. In this paper, the charge/ discharge efficiency of 
battery is assumed to be the same and equal to the round trip 
efficiency of battery storage. 

At any time t, the charge/discharge energy of battery bank is 
subject to the following constraints: 


Eponj (Epa (t) < 0.10Cb (13) 
Ebmin < Eb(t) < Ebmax (14) 
Eb(t),.., 2 0.90Ebmax : (15) 


Here, maximum charge quantity of battery bank Ebmax 
takes the value of 100%capacity of battery storage Cb in 
beginning of simulation, and the minimum charge quantity of 
battery storage Ebmin is calculated by maximum depth of 
discharge (DOD): Ebmin=(1-DOD)Cb. According to the 
specifications of battery, the lifetime of battery can be 
prolonged drastically if DOD of the battery is selected within 
the range 30-60%. In order for the system with battery to be 
sustained over a long period of time, the battery SOC at the 
end of simulated period must be greater than a given 
percentage (say, 90%) of its Ebmax as shown in equation 
(15). The inverter used with the battery storage should be 
rated in terms of the peak load demand. Though the 
efficiency of inverter is a function of the ratio of the actual 
load to the inverter rating but here we used a constant value 
of inverter efficiency based on the average load demand. 


IV. DESIGN METHODOLOGY 


Total power generated by photovoltaic and wind system 
during each hour is calculated first as follows: 


Pe(t}=NwiPw(t)+NpvPy(t), (16) 


where Pw (t),Py (t),and Pg (t) are the power generated by 
wind system, solar system and total power generated by wind 
and solar system at time t, respectively .All these powers are 
equivalent to energy generated at time t, since one hour time 
step is chosen for simulation. Nwt and Npv are the number 
of wind turbines and number of PV modules used with the 
system .Performance data of wind turbine „photovoltaic 
module, and the parameters of different components used in 
hybrid system are given in tablel. 

Energy balance calculation method is used here to design 
optimal hybrid system. Concept of loss of power supply 
probability (LPSP) is applied as a numerical measure of 
hybrid system reliability. The LPSP, for a considered period 
of time T is the ratio of total power deficit to the sum of load 
demand. This can be expressed as: 


LPSP=F LPSO YEO 
te) mj 
LPS(t)}=El(t}-(Eg(t)}+Eb(t-1)-Ebmin)n,, 


a7 
(18) 
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There may be number of configurations, which can satisfy a 
desired reliability level of the whole year in terms of loss of 
power supply probability.. In this paper, a computer program 
has been developed to size hybrid system components in 
order to meet the load demand ,at certain desired reliability 
level, while minimizing an objective function representing 
life cycle cost of hybrid system (Lee). Lec is the sum of the 
present values of all installation, operation, and maintenance 
cost including salvage values treated as negative costs[ 11]. 
Hence, objective function to determine the optimal 
configuration of hybrid system can be defined as[5]: 
3 3 
Minimize: Lec= 9" (I,-Sy)x,+) OM, E, (19) 
Jl J 
where the index X) 1s made to account for wind, solar, battery 
storage. I; is the summation of discounted capital cost of 
generating unit j , Są is the discounted salvage value of 
generating unit j, X, is decision variable representing number 
of generating units j, and OMg, is the discounted operation 
and maintenance costs ,E, is the decision variable, indicating 
energy output from unit j. The objective function Lec is 
constrained to: 
(Eg(t}+-x.Cb+LPS(t)) ty 2 El(t) 
I-LPSP2R 


(20) 
(21) 


Where, Eg(t) ıs the total solar and wind energy generated, t 
is the period, x is the fraction of battery capacity expected to 
discharge in each period, Cb is the capacity of battery 
storage, LPS is the amount of power deficit, El is total load 
demand, and R is the certain/desired reliability level .The 
stepwise iterative procedure adapted in the program is as 
follows: 


1. Collect program input data : solar radiation , wind 
speed, load demand ,commercially available wind 
turbine ,PV module, batteries, and their 
performance parameters. 

Select the optimal type of wind turbine suitable for 
the site, based on optimum wind speed Vo», of 
turbine[48]as 


k 
k+2 
where, c and k are the weinbull parameters. 


Calculate energy produced by solar and wind 
using (7)-(9). 


@ 


Calculate the battery storage level using (10)-(12) 


5. Calculate LPSP and hence reliability values for all 


possible combinations of number of batteries 
and PV modules, keeping constant capacity of 
wind turbine. ' 


Choose the desired reliability level. 
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7. Find all configurations satisfying the desired 
reliability level. 

8. Calculate the hybrid system life cycle costs for all 
configurations found in step 7,using component 
parameters given in the table. I and (18). 

9. Find the configuration with minimum cost. 


V. CASE STUDY 


To illustrate the applicability of iterative optimization 
procedure used in the developed computer program, 
resource and load data of a sight located in remote area in 
South-Central Montana have been taken.{3]. Hourly 
average wind speed and solar insolation data over 3-year 
period, which was collected in a remote location in 
Montana, are shown in Fig.3 The annual average hourly 
load profile for a house situated in this region is shown in 
Fig 4. Wind speed data were taken at a height of four 
meters, whereas the turbine hub height was 30 meters. 


Insolation te? 


Wind Speed (m/s}——> 








g 5 Tim our of Day) > 

Fig.3 Average hourly wind and insolation profile 
Generation and load are assumed to remain constant in each 
hour interval .System components size ,costs and other 
parameters used in sizing and optimization are taken 
from(3]and are shown in Table.I. Cost analysis is performed 
after the unit-sizing program has been run.the life time of the 
system is taken 20 years. All the discounted costs of system 
appearing in(19) have been calculated by dividing their 
annual values by capital recovery factor (CRF).The CRF is 
defined as[1 1]: 


CRF=[i,(1+i,)” V/[(1+i,)-1] (23) 


Where ir is the annual interest rate(6%taken for this 
case)and ny 1s the life time of the component. 
These details are used to validate the program described in 
the former section. The optimization results are shown in 
Table.II. 
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Hes of Day a 
Fig.4 Hourly average demand of a typical residence 
TABLE.I . 
ee Eee OF OPTIMIZATION RESULTS 
PV Reliabilit 


EE eae lh 
HPWS 

El al e 
HPWS 

As shown in Table II. Optimal Configuration found from 
the developed program is almost identical with the hybrid 
system of Montana for 100% reliability. However, some 
difference in number of PY modules and battery is observed 
which is due to more accurate photovoltaic and wind model 
used in this study -Applicability of energy balance method 
for optimum configuration with 100% reliability is clearly 
shown in Fig. 5. It should be noted that while calculating cost 
of energy/Kwh (COE), tax rebate available for use of 


renewable energy has not been considered in both cases for 
the companison of results. 


Energy Produced (Kwh}—> 





Fig. 5 Showing eneigy balance for 100%reliability level 


VI. 


A complete set of energy balance calculation method for the 
optimum design of renewable hybrid (PV/wind) power 
system is introduced. In this paper, more accurate 
mathematical models for evaluating the performance of solar 
and wind system are used. A program is developed which 
utilizes these models to find a cost effective and reliable 


CONCLUSION 
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configuration to generate the electricity for stand alone 
applications . It is observed that ,reliability level plays a very 
important role in such designs. The cost of of the hybrid 
system reduces drastically, if reliability level is scarified little 
a bit. 
TABLE. L 
SYSTEM COMPONENT RATING AND OTHER PARAMETERS 


Component Rating/performance/cost 
Para meters 


Wind Turbine (BWC XL1 ) 1KW 
Capital cost $ 2500 including BOS 
Annual O&M cost($) $ 1.63 
Turbine hub height/ Life 30 meters/20 
53 W 
$ 525 including BOS cost 
$ 0.047 


ears 


PV Module 
Capital cost 


Annual O&M cost 
Life 
Battery(Deep cycle) 12V 
Annual Capital cost/ O&M cost 
Life/ Efficiency/DOD 
Inverter 
Efficiency/Life 
Life of project/interest rate 


2.1 KWh 
$170/0.00 
4 year / 80% / 80% 
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Absract- Water pumping systems powered by a photovoltaic 
(PY) source normally use permanent magnet de motors, directly 
coupled to the PV source. As the characteristics of a PV source is 
nonlinear and highly dependant on the weather condition, it is 
impossible to match the characteristics of motor with that of the 
PV source under changing weather conditions. As a result the PV 
source remains under utilized most of the times. This paper 
suggests use of a simple and cheap analog maximum power point 
tracker (MPPT) for this application. The proposed scheme is 
simulated and realized. The performance of the proposed scheme 
is compared with that of directly coupled system. The proposed 
scheme significantly enhances the performance of water pumping 
system, especially under poor Insolation condition. 


Key words-PV panel, maximum power point tracker, 
permanent magnet de motor, water pumping system. 


I. INTRODUCTION 


PPLICATION of PV generators for water pumping 
plications in remote locations has received much 
attention. Since the output of a PV generator is essentially dc 
in nature, a dc motor is an obvious choice for the prime mover 
of the pump. This avoids the use of an inverter, which will be 
required to drive the induction motor in case the conventional 
water pumping systems is chosen. The de motor option gives 
better overall efficiency for low power applications (less than 
1 kW). Therefore, for low power applications dc motors are 
preferred in spite of maintenance problem. 

The i-v characteristic of a solar cell is highly nonlinear. The 
characteristic varies drastically with the solar insolation (light 
intensity) and the temperature. Fig. 1 shows the i-v 
characteristics of a cell for various insolation levels and 
temperatures [1]. The cell characteristic at a particular ambient 
condition consists of a constant voltage segment and a 
constant current segment. The cell generates maximum power 
at the knee of the characteristic, where the two segments meet. 
The operating point at which the PV cell generates maximum 
power is referred as maximum power point (MPP). The MPP 
changes with the change in ambient condition. For efficient 
utilization of a photovoltaic (PV) panel, that consists of a large 
number of series and parallel connected solar cells, maximum 
available power should be drawn from it. In other words, the 
PV panel should be forced to operate at its maximum power 
point under varying ambient conditions 

In order to match the characteristic of a dc motor with that 
of the PV source, the. motor-pump system is judiciously 
chosen. In [2] operations of shunt, series, and separately 
excited motor driving different types of mechanical loads are 


discussed. It has been concluded that a separately excited 
motor driving a centrifugal load is most compatible with the 
PV array. Matching of the motor-pump system with the solar 
array further improves by the use of a de compound motor [3]. 

As a separately excited motor requires a separate PV 
source to energize the field winding, permanent magnet dc 
(PMDC) motor, is the most popular choice for water pumping 
using a PV source. Moreover, it avoids the losses of field 
excitation, thus efficiency improves. However, even with 
PMDC motors, perfect matching with the PV source is possible 
only at a unique ambient condition. Normally close matching 
takes place when insolation is high. High insolation condition 
occurs for a short period of time only, therefore, sun ñ tracking (a 
mechanical method) is employed which somehow improves the 
matching condition at low insolation. Normally, sun tracking 
PV panel panels are designed to manually change the 
orientation of PV panels three times a day to maximize the 
incident solar energy. By manual sun tracking 20% more 
output can be obtained as compared to fixed tilted PV panel 
[4]. An alternative method of improving the matching is to use 
different series-parallel array configurations for different 
ambient conditions [5]. 

.The methods described above give only approximate 
matching of the mot-pump system with the PV source. For 
more accurate matching an analog or digital circuit, known as 
maximum power point tracker (MPPT), is interfaced between 
the PV panel and the load. This paper suggests use of a simple 
and cheap analog MPPT for this application. The proposed 
scheme is simulated and realized. The performance of the 
proposed scheme is compared with that of directly coupled 
water pumping system. 


Tl. MAXIMUM POWER POINT TRACKINK TECHNIQUES 


In a very simple MPP tracking technique [6], the PV panel 
voltage is compared with a constant reference voltage that 
corresponds to the MPP voltage under specific ambient 
condition. The error signal is used to change the duty cycle of a 
dc-dc converter, interfaced between the PV panel and the load, 
so as to make the PV panel voltage equal to the MPP voltage. 
This method is very simple to implement, but it is not accurate. 
There is substantial power wastage, as it does not take into 
account the effects of changes in solar insolation and 
temperature. 

The maximum power point voltage (MPPV) method [7 -11], 
is based on the observation that MPP voltage ( V mp ) has 
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Fig. 1 The é-v characteristic of a solar cell. 


almost a linear relation with open-circuit voltage (F) of the 


PV panel. 
Ving = My Voc (1) 


where M, is called the voltage factor and has different values 


for different solar panels. The PV panel is locked at the 
reference voltage given by (1). The open-circuit voltage 
required to determine the MPP voltage can be measured by 
disconnecting load from the PV panel after regular intervals. 
The measured value of V,, is stored and used for 
determination of Vp The open-circuit voltage can also be 
sensed using an unloaded pilot PV panel installed along with 
the main PV panel. 

In perturb and observation (PAO) method [12, 13], the 
current drawn from the PV panel is perturbed and the resulting 
output power is observed. If an increased current results in 
higher power, it is further increased till the output power 
begins to decline. On the other hand, if an increase in current 
results in less power than before, then current is decreased 
until output power stops increasing and begins to go down. 


The incremental conductance method [14] compares the 
incremental conductance of the PV panel with its 
instantaneous conductance and changes the duty ratio of the 
dc-dc converter such that their sum is zero. This method is 
based on the fact that the slope of power-voltage curve of the 
PV panel is zero at the MPP. The method is accurate and can 
be used for rapidly changing ambient condition. However, the 
method is complicated and needs a complex control circuit. 


UI. PPROPOSED SCHEME 

The block-diagram of the proposed system is shown in Fig. 
2. To track the MPP, MPPV tracking technique is employed. 
An unloaded pilot PV panel is used to obtain the Voc. The 
control unit generates a PWM output to drive the MOSFET of 
a step-down dc-dc converter. The duty cycle of the converter 
changes till the PV panel voltage becomes equal to the MPP 
voltage. 
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IV. SYSTEM DESCRIPTION 


The water pumping system consists of permanent magnet dc 
motor coupled to a centrifugal pump.The system used for 
theoretical study has the following parameters [4]: 

Electrical parameters: 


Rated voltage = 60 V. 

Rated current = 16.5 A. 

Rated speed = 272.3 rad./s. 

Armature resistance; Ra = 0.8 Q 

Armature inductance; La = 0.04 H. 

Motor constant; K = 0.175 V/(rad/sec). 
Mechanical parameters: 


Coulomb friction torque of motor; tga = 0.08 Nm. 
Coulomb friction torque of load(i.e. pump); 

ty, = 0.15 Nm 
Viscous friction constant of motor and load; 

By + B, = 0.001 Nm/(rad/sec). 


Coefficient of @” term of load torque; 


= 2 
D = 16532x 10” Nm rad/sed 
Moment of inertia of the system; J = 0.024 kg-m’ 


For experimental verification, PV panel (Model No. SW 
900), manufactured by Central Electronics Limited, Sahibabad, 
India, is used. The panel consists of 24 PV modules each of 
37.5 W, (nominal), with aggregate capacity of 900 W,. The 
modules are made up of suitable number of single crystalline 
silicon solar cells, connected in series and hermetically sealed 
between a highly transparent toughened glass and 
encapsulating material. 


V. SIMULATION OF THE PROPOSED SYSTEM 


The MATLAB Simulink is used for transient analysis of the 
system. Fig. 3 shows the simulation model of the PV powered 
water pumping system. The PV panel is simulated based on 
experimental data for i-v characteristic 

. The voltage equation of the motor can be written as 
di, 


v, =e, +i R, +L, 





(2) 


where i, is the armature current. The back emf, es, is given 





Fig 2 The block-diagram of the proposed system 








TM=TIM+BMtw 


(b) 
Fig. 3 Simulation model of proposed system (a) complete model (b) details of motor-pump system block. 


e, = Ka (3) t, = Ki, 
where @ is the motor speed in rad/sec. The dynamic equation t =F, +B,o+Do 
of the motor-pump system is given by 

da Ty =T yy + BuO 
t,-T,~ty =J— (4) eK 
dt The speed of the motor is given by 


The electromagnetic torque 1,, The load torque 1,, and the 
friction torque of the motor rọ can be found by 


414 


-{ 
fa] fe] Ll [el 





(5) 
(6) 
(7) 


1 
o= f(e, -t1 -tudi (8) 


The model implements the equations of the system 
described above using various functional blocks. Details -of 
motor-pump system block are shown in Fig. 3 b. 

The simulation was carried out for the directly coupled 
system and the proposed scheme using Simulink software. 
The PV panel is simulated using actual data of iv 
characteristics of the panel. The insolation is changed by using 
data for higher insolation at t = 20 sec. For simulation of 
. directly coupled system, the output of the PV panel block was 
directly connected to the input of the motor-pump system 
block. 


VI. RESULTS 


Simulation for directly coupled system was carried out for 
40 seconds. Initially the motor is started with low insolation 
condition (A=638 W/m’). At t = 20 sec, insolation is increased 
by using data for higher insolation condition (4=850 W/m’). 
The simulation results are shown in Fig. 4. 

Initially, the PV panel is virtually short-circuited by the 
low armature resistance of the motor. Therefore, the panel 
current rises close to its short-circuit current of 7.65 A (Fig. 
4a) and the panel voltage drops to about 8 volts (Fig. 4b). 
Therefore the starting current of the motor is limited to the 
short-circuit current of the PV panel. The motor accelerates to 
the steady-state speed of 223 rpm (Fig 4d). Under the steady- 
state condition, the panel voltage and current settle to 45 volts 
and 7.3 amperes, respectively. The power output of the PV 
panel is 327 W as shown in Fig. 4c. 

At t = 20 sec, insolation is increased by using data for 
higher insolation condition. The current overshoots and then 
settles to the new steady-state value of 9.5 amperes and the 
panel voltage rises to 54 volts. As the voltage increases the 
motor speed also increases to 266 rad/sec. The panel output 
power increases to 520 watts. 


The simulation results motor-pump system with MPPT are . 


shown in Fig. 5. It can be observed that the panel current rises 
to near its short-circuit value after the motor is switched on att 
= 1 sec. and then settles to its MPP value in less than 0.1 
seconds (Fig, 5a). The current rises and settles to its new MPP 


value after the insolation is increased at t = 20 s. The panel ' 


voltage drops from its no-load value to about 10 volts just 
after the motor is switched on (Fig. 5b). This is due to the low 
resistance armature winding which virtually short-circuits the 
panel. As the motor gains speed, the panel voltage rises and 
settles to its MPP value in less than 0.1 seconds. When 
insolation increases at t = 20 s, the panel voltage settles to new 
MPP value in 0.04 seconds. 

The steady-state power drawn from the PV panel is 400 W 
for à = 638 W/m, and 529 W for à = 850 W/m. These values 
are very close to the respective maximum available power of 
402 W and 537 W in these ambient conditions. The 
corresponding values for a directly coupled system were 327 
W and 520 W respectively. 
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Fig 4 Simulation results of directly coupled water-pumping system: (a) Panel 
current, (b) Panel voltage, (c) Output power, (d) Motor speed, 


The motor reaches the steady-state speed of 239 rad/sec in 
about 10 seconds (Fig. 5c). This settling period is less than the 
time taken by the motor to reach steady-state (about 15 
seconds) when connected directly to the PV panel, as shown in 
Fig. 4c. Also, the motor reaches to attains the new steady state 
speed within 5 seconds, when insolation changes. Again, it is 


almost throughout the day but also improves the transient 
response of the system. Thus the MPPT increases the power 
output during the transient condition which is very useful for 
passing clouds and when the ambient condition changes 
frequently. 

The proposed scheme was realized in the laboratory and a 
significant increase in the discharge rate of the pump was 
observed especially at low insolation levels. It was also 
observed that the system with MPPT operates successfully at 
very low insolation level of 200 W/m. The directly coupled 
system does not operate at this insolation level. 


Vit. CONCLUSION 


With the use of proposed MPPT, the PV panel operates very 
close to its maximum power point. Moreover, the MPPT tracks 
the MPP very quickly (within a few tens of ms) under varying 
ambient conditions. The system with MPPT starts quickly and 
has better transient response as compared to directly coupled 
system. 
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Abstract— Sulphur Hexafluoride (SF,) is generally found to be 
very sensitive to field perturbations such as those caused by 
conductor surface imperfections and by conducting particle 
contaminants. A study of CIGRE group suggests that 20% of 
failures in Gas Insulated Substations (GIS) is due to the existence 
of various metallic contaminations in the form of loose particles. 
The presence of contamination can therefore be a problem with 
gas-insulated substations operating at high fields. If the effects of 
these particles could be eliminated, then this would impreve the 
reliability of compressed gas insulated substation. It would also 
offer the possibility of operating at higher fields to affect a 
potential reduction in the GIS size with subsequent savings in the 
cost of manufacture and installation. The purpose of this paper is 
to develop techniques, which will formulate the basic equations 
that will govern the movement of metallic particles like aluminum 
and copper in a bus duct. Simulation is carried out on particle 
movement with balanced and unbalanced voltages and the results 
have been presented and analyzed. 


Key words—- Metallic particles, Electric field effects, Gas 
Insulated Substations. 


I. INTRODUCTION 


EMAND for electrical power has become one of the major 
challenges faced by the developing countries. 
Considering the relatively low per capita power consumption, 
there is a constant need for power capacity addition and 
technological upgradation whereas non-conventional energy 
systems have proved to be good alternative sources for energy. 
In developing countries like India most of the additional power 
has been met by conventional electrical sources. Hence, the 
emphasis has shifted towards improving the reliability of 
transmission and distribution systems and ensuring that the 
_innovations are not harmful to the environment. 
Rapid urbanization and overgrowing population is making 
the task of expanding transmission network very difficult due 


to right of way problem and limited space availability. In 
addition, conventional air insulated substations have many 
problems such as pollution by salt or dust, meteorological 
difficulties, safety etc. Hence, there is a need to replace the 
conventional transmission lines and substations with 
underground cable and Gas Insulated Substation (GIS) to 
overcome the above problems. Due to its many advantages, 
most of the utilities and industrial units are opting for Gas 
Insulated Substation [1]. In this context, Gas Insulated 
Substation (GIS) have found a broad range of applications in 
power systems for more than two decades because of their 
high reliability, easy maintenance and small ground space 
requirement etc. 


-In a Gas Insulated Bus duct (GIB), all live parts are 
enclosed in compressed Sulphur Hexafluoride gas chambers, 
which are divided into a number of compartments or bays 
according to the layout or configuration of its several 
components. Basic components of the GIS bay are circuit 
breakers, disconnectors, earthing switches, bus ducts, current 
and voltage transformers, etc. The inner live parts of GIS are 
supported by insulators called spacers, which are made of 
alumina filled epoxy material. The GIS enclosure forms an 
electrically integrated, grounded enclosure for the entire 
substation, Even though SF, exhibits very high dielectric 
strength, the withstand voltage of SF, within the GIS is 
drastically reduced due to the presence of particles or defects 
like: 

1. Free particles on the inner surface of the enclosure,’ 

2. Protrusion on the high voltage (HV) bus, 

3. Protrusion on the inner surface of the enclosure and 

4. Narrow gaps between the spacer and the electrode due to 
imperfect casting and or imperfect mechanical strength, which 
may lead to high electrical stress and thus micro discharges. 


Free conducting particles are most dangerous to GIS. These 
free conducting particles may have any shape or size, may be 
spherical or filamentary (wire like) or in the form of fine dust. 
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Particles may be free to move or may be fixed on to the 
surfaces. They may be of conducting material or of insulating 
material. Particles of insulating materials are not so harmful as 
they have little effect on the insulating properties of gases. So 
wire like particles made of conducting material are more 
harmful and their effects are more pronounced at higher gas 
pressures.The origin of these particles may be from the 
manufacturing process, from mechanical vibrations or from 
moving parts of the system like breakers or disconnectors etc. 
Several authors conducted experiments on insulating 

particles [1-3]. However the presence of atmospheric dust 
containing conducting particles, especially on the cathode, 
reduces the breakdown voltage. Conducting particles placed in 
a uniform ac field lift-off at a certain voltage. As the voltage is 
raised, the particles assume a bouncing state reaching a height 
determined by the applied voltage. With a further increase in 
voltage, the bounce height and the corona current increase 
until break down occurs. The lift off voltage is independent of 
the pressure of gas. After the onset of bouncing, the offset 
voltage is approximately 30% lower than the lift-off voltage. 
Some of the methods of conducting particle control and de- 
activation are: 
e ‘Electrostatic trapping 
ə Use of adhesive coatings to immobilize the particles 
e Discharging of conducting particles through radiation, and 
e Coating conducting particles with insulating films 

The work reported in this paper deals with the movement of 
metallic particle in 3-phase common enclosure Gas Insulated 


busduct in a common enclosure with balanced and unbalanced - 


voltages. In order to determine the axial and radial movement 
in an enclosure, Monte-Carlo technique has been adopted in 
conjunction with motion equation. The specific work reported 
deais with the charge acquired by the particle due to 
macroscopic field at the tip of the particle, the force exerted by 
the field i.e., electric field on the particle. drag due to viscosity 
of the gas and random behavior during the movement. Wire 
like particles of alummum and copper of a fixed geometry in a 
` 3-phase bus duct have been considered. The movement pattern 
for higher voltages class has been also obtained [4-5]. In 
Monte-Carlo technique it has been assumed that at every time 
step the particle can have a maximum movement in a solid 
angle of 1° to 4° from vertical. 


Tl. MODELING TECHNIQUE 


A typical horizontal three-phase bus duct shown in Figure 1 
has been considered for the analysis. 


0 Q, 
OA 


A,B,C 
are the 
conductors 


Fig 1 A typical 3-phase common enclosure Gas insulated bus duct 


Understanding the dynamics of a metallic particle in a coaxial 
electrode system is of vital importance for determining the 
effect of metallic contamination in a Gas Insulated System 
(GIS). If the motion pattern of a metallic particle is known, 
the probability of particle crossing a coaxial gap and causing a 
flashover can be estimated. The lift-off field for a particle on 
the surface of an electrode can be estimated by solving the 
motion equation. 

A conducting particle in motion in an external electric field 
will be subjected to a collective influence of several forces. 
The forces may be divided into: 

- Electrostatic force (F,) 
- Gravitational force (mg) 


- Drag force (Fa) 


The motion equation is giveri by 


md*y 





7 =F, -mg -Fq (1) 


where m = mass of the particle 
y = displacement in vertical direction 
F. = Electrostatic force 
g = gravitational constant 





Fig 2. Schematic Diagram of 3-phase common enclosure GIB 


Figure 2 shows a horizontal three phase bus duct comprising 
of inner conductors spaced equilaterally in a metal enclosure. 
The enclosure is filled with SF, gas at a high pressure (0.3 
MPa). A particle is assumed to be at rest at the enclosure 
surface, just beneath the bus bar 2, until a voltage sufficient 
enough to lift the particle and move in the field is applied. 


After acquiring an appropriate charge in the field, the 
particle lifts and begins to move in the direction of field having 
overcome the forces due to its own weight and drag. The 
simulation considers several parameters e.g. the macroscopic 
field at the surface of the particle, its weight, Reynold’s 
number, coefficient of restitution ‘on its impact to both 
enclosutes and viscosity of the gas. During return flight, a new 
charge on the particle is assigned based on the instantaneous 
electric field. : 
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The direction of drag force is always opposed to the direction 
of motion. The expression for drag Force and Electrostatic 
force given in equation (2) and equation (3). 


F, =y =| 6uK, (y) + 2.656 ro, ] y| os ) (2) 
where 
y is the velocity of the particle 
His the viscosity of the fluid 
r is the particle radius 
Pg is the gas density 
l is the particle length 
Ka (_y ) is the drag coefficient 
The Electrostatic Force is given by 


F, “gaye x10? E h (9). ’ 


The above forces are substituted in equation (1) and it 
becomes a second order non — linear differential equation. To 
solve the motion equation Runge-Kutta 4" order method is 
adopted. 





MI. ‘SIMULATION OF PARTICLE MOTION 


The study of the motion of moving metallic particles in GIS 


Tequires a good knowledge of the charge of the particle. 


Simulation of the motion of metallic particles were carried out 
on GIB of 64 mm inner diameter for each enclosure and 500 


_ mm outer diameter with 400 kV applied to inner conductors 


with 120° phase difference. Aluminum and copper wire like 
particles were considered to be present on enclosure surface. 
Simulation have also been carried out on the same enclosure 
with unbalanced voltages with phase differences of 0°, 150°, 
210°. 


In order to determine the random behavior of moving 
particles, the calculation of movement in axial and radial 
directions was carried at every time step using rectangular 
random numbers. The above simulation yields the particle 
movement in the radial direction only. However, the 
configuration at the tip of the particle is generally not 
sufficiently smooth enough to enable the movement 
unidirectional. This decides the movement of particle in axial 
direction. The randomness of movement can be adequately 
simulated by Monte-Carlo method. In order to determine the 
randomness; it is assumed that the particle emanates from its 
original site at any angle less than ġ, where $/2 is half of the 
solid angle subtended with the vertical axis. At every step of 
movement, a new rectangular random number is generated 
between 0 and | and modified to 6. The angle thus assigned, 
fixes the position of particle at the end of every time step, and 
in turn determines the axial and radial positions. The position 
in the next step is computed on the basis of equation of motion 
with new random angles as described above. 


IV. RESULTS AND DISCUSSIONS 


Table | and Table 2 show the radial and axial movement of 


. the particle in a 3- Phase Gas Insulated Bus duct with balanced 


and unbalanced voltages. The results have been presented by 
using Monte-Carlo Technique also shown in Table 1 and 
Table 2. Figure 3 to Figure 20 shows the movement patterns of 
copper and aluminum particles with balanced voltages and 
with Monte Carlo Technique for different applied voltages. 
The radius of the particles in all cases is considered as 0.1 mm 
and length of the particle as 10 mm. 


During its movement it makes several impacts with the 
enclosure. As the applied voltage increases the maximum 
radial movement also increases as given in Table 1. Further 
calculations may reveal the limiting voltage to enable the 
particle to reach the high voltage conductor. A graphical 
representation of radial movement in relation to axial 
movement is given by Monte-Carlo technique as shown in 
Figure 4. The movements are also calculated for other 
voltages. 


The movement of copper particle with balanced and 
unbalanced voltages is also given in Table 1 and Table 2. It is 
noticed that the movement of copper particle is far less than 
aluminum particle of identical size. This is expected due to 
higher density of copper particle. The axial and radial 
movement of aluminum and copper particles are calculated 
using Monte-Carlo technique with a solid angle of 1°. The 
movement of aluminum and copper particles with unbalanced 
voltages is shown in Figures 15 to 20. 


Table J. Axial and radial movement of aluminum and copper particles with 
balanced voltages using Monte-Carlo technique. 


5. 
1886.6 80.57 


45777 23.49 
915.43 108.23 
32.03 
Axial and radial movement of aluminum and copper particles with 
un balanced voltages using Monte-Carlo technique. 


a 
s (mm) 
CERLE 


13.56 








Table Il. 


172.95 
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Fig. 3 Particle movement with balanced voltages in a Fig. 9. Particle movement with balanced voltages in a 
3 — Phase GIB for 500 KV/ AV 10mm / 0, Iradius 3 — Phase GIB for 500 KV/ Cw 10mm 7 0 Iradius 
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Fig 4 Axial & Radial movement with balanced voltages in a, Fig 10. Axial & Radial movement with balanced voltages in a 
3 - Phase GIB for 500 KV/ AV 10mm / 0. Iradius 3 - Phase ina GIB for 500 KV/ Cu/ 10mm / 0. Lradius 
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Fig. 5 Particle Movement with balanced voltages in a Fig. 11 Particle Movement with balanced voltages ina 
3- Phase GIB for Al / 600kV / 10mm / 0 1mm radius 3- Phase GIB for CU/600kV / 10mm / 0.1mm radius 
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Fig 6 Axial and Radial Movement with balanced voltages in a Fig. 12 Axial and Radial Movement with balanced voltages in a 


3- Phase GIB for Al /600kV / 10mm / 0 1mm radius 3- Phase GIB for CU / 600kV/ 10mm / 0.1mm radius 
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Fig. 7 Particle Movement with balanced voltages ma. ^i Fig. 13 Particle Movement with balanced voltages in a 
3- Phase GIB for Al/ 700kV / 10mm / 0.1mm radius 3- Phase GIB for CU/700kV / 10mm / 0.1mm radius 
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Fig 8 Axial and Radial Movement with balanced voltages ina Fig. 14 Axial and Radial Movement with balanced voltages ın a 
3- Phase GIB for Al/700kV / 10mm / 0.1mm radius 3- Phase GIB for CU/700kV / 10mm / 0.1mm radius 
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Fig. 15 Particle Movement with unbalanced voltages in a 
3- Phase GIB for Al /500kV/ 10mm / 0.1mm radius 
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Fig 16 Axial and Radial Movement with unbalanced voltages in a 
3- Phase GIB for Al/500kV / 10mm / 0.1mm radius 








Fig. 17 Particle Movement with unbalanced voltages in a 
3- Phase GIB for Al /600kV / 10mm / 0.1mm radius 
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Fig. 18 Axial and Radial Movement with unbalanced voltages in a 
3- Phase GIB for Al/600kV / 10mm / 0.1mm radius 
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Fig. 19 Particle Movement with unbalanced voltages in a 
3- Phase GIB for Al/700kV/ 10mm /0 1mm radius 
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Fig, 20 Axial and Radial Movement with unbalanced voltages in a 
3- Phase GIB for Al / 700kV / 10mm /0 Imm radius 


V. CONCLUSION 


A model has been formulated to simulate the movement of 
wire like particle in 3-phase common enclosure GIB on bare 
electrode. When electrostatic force exceeds the gravitational 
and drag forces the particle lifts from its position. A further 
increase in the applied voltage makes the particle move into 
the inter electrode gap in the direction of applied field. This 


‘increases the probability of a flashover. 


The influence of increased voltage level on the motion of 
the particles is also investigated and observed that the particle 
will lift higher from the surface and the time between bounces 
will increase. It is also observed that aluminum particles are 
more influenced by the voltage than copper or silver particles 
due to their lighter mass. This results in the aluminum particle 
acquiring greater charge-to-mass ratio. 

Generally the system always will not be in balanced 


` condition. So it is required to estimate the particle movement 


under unbalanced voltage conditions also. In this paper, 
unbalanced load conditions have been studied and results were 
presented and analyzed. It has been observed that under these 
conditions the movement will be fess compared to balanced 
load conditions. This is expected due to resultant electric field 
under unbalanced conditions is very much reduced so that 
movement is also decreased. 

Monte-Carlo simulation is also adopted to determine axial 
as well as radial movements of particle in the bus duct. All the 
above investigations have been carried out for balanced and 
unbalanced voltages under power frequency. 
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Abstract—Modcliug of solar cell has been done based on 
single diode model. A MATLAB script file has been written 
to obtain the various characteristics with changing 
atmospheric condition. It is seen that there exists a maximum 
power point, which changes with varying atmospheric 
condition. To track the maximum power point, Perturb and 
Observe based algorithm has been implemented. Simulation 
results demonstrate the fast and effective response. 


Key Words— Insolation, Maximum power 
Photovoltaic, Perturbation & Observation 


point, 


I INTRODUCTION 


HOTOVOLTAIC (PV) generation is becoming 

increasingly important as a renewable source since it 

offers many advantages such as incurring no fuel costs, 
not being polluting, requiring little maintenance, and 
emitting no noise, among others [1]. Due to their nonlinear 
and temperature-dependent voltage— current and power- 
voltage characteristics, these modules have relatively high 
fabrication cost and low conversion efficiency. These 
drawbacks can be overcome by improving the 
manufacturing processes of solar arrays with respect to 
materials and manufacturing of PV arrays [2]. Controlling 
the insolation input to PV arrays, the input solar energy is 
maximized using sun-tracking solar collectors or 
rearranging the solar-cell configurations of PV arrays with 
respect to changes in environmental conditions [3]. 


The main reasons for low electrical efficiency are the 
nonlinear variations of output voltage and current with 
solar radiation levels, operating temperature. The amount 
of power generated by a PV depends on the operating 
voltage of the array. A PV’s maximum power point (MPP) 
varics with solar insulation and temperature. Its V-I and V- 
P characteristic curves specify a unique operating point at 
which maximum possible power is delivered. At the MPP, 
the PV operates at its highest efficiency. Therefore, many 
methods have been developed to determine MPP. In 
Look-up table based methods [4], the nonlinear and time- 
varying nature of solar cells and their great dependency on 


radiation and temperature levels as well as degradation 
(aging, dirt) effects, make it difficult to record and store all 
possible system conditions. Perturbation and observation 
(P&O) method [5] employs the measured cell 
characteristics (current, voltage, power) along with an 
online search algorithm to compute the corresponding 
maximum power point independent of insolation, 
temperature, or degradation levels. Jn Computational 
methods [6], the non-linear V—/ characteristics of solar 
panel are modeled using mathematical equations or 
numerical approximations. Based on the modeled V—/ 
characteristics, the corresponding maximum power points 
are computed for different load conditions as a function of 
cell open-circuit voltages or cell short-circuit currents. All 
these methods vary in complexity, sensors requirement, 
convergence speed, cost, and range of effectiveness, 
hardware implementation, and popularity. It is difficult to 
adequately determine which method is most appropriate 
for a given PV system. 


In this paper an attempt has been made to implement 
Perturbation and observation (P&O) based algorithm to 
track the maximum power point. For this purpose a 
model of solar cell is developed in MATLAB and used to 
obtam the various characteristics with changing 
atmospheric condition. 


I. PV SYSTEM MODULE 


Fig. | shows the block diagram of a photovoltaic drive 
system. It consists of a power source, which is basically a 
solar cell array and a power conditioner unit (PCU), which 
may be a dc/de converter (step up/step down), acts as an 
interface between the load and the module. It serves the 
purpose of transferring maximum power from the solar PV 
module to the load. 

The photovoltaic modules are made up of silicon solar 
cell consisting of a p-n junction fabricated ın a thin wafer 
or layer of semiconductor. It converts sunlight into 
electricity. The simplest equivalent circuit of a solar cell is 
a current source in parallel with a shunt diode and a. series 
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Fig 1 Block diagram of grid connected PV system 


resistance Rs as shown in Figure 2. This model is a 
simplified version of the two diode model presented by 
Gow and Manning [9]. 


Fig. 2 Circuit diagram of the PV model 


The output of the current source is directly proportional to 
the light falling on the cell. The I-V output characteristic of 
a solar cell has an exponential characteristic similar to that 
of a diode and given by (1) 


—Ly4ir,) 
-] 


I= 1,-1,| "T (1) 


Where, Ip = light generated current 
I, = reverse saturation current 


Fig. 3 shows the I-V characteristics of the solar cell. It can 
be noted that the characteristics is highly non linear. In 
general, the output current of a solar array 1s the function 
of the insolation and temperature. The various important 
parameters of the cell are the short circuit current /sc, 
which is almost equal to /,. It can be noted that the cell is 
safe with a short circuit. The magnitude of this current 
depends on the area of cell and is directly proportional to 
solar insolation. Voc is the open circuit voltage and it 
varies logarithmically with solar insolation, hence does not 
vary very much. It is sensitive to temperature. In general, a 
silicon solar cell, gives an output voltage of around 0.7V 
under open circuit condition. When many such cells are 
connected in series a solar PV module is obtained. 
Normally in a module there are 36 cells which amount for 


a open circuit voltage of about 20V. For obtaining higher 
power output the solar PV modules are connected in series 
and parallel combinations forming solar PV arrays [10]. 


The nonlinear V-I characteristics of M parallel strings with 
N series cells per string is given by (2) 


N Isc ~I py +MIo N 
Vey = — In| ——————— |- — x Rs xI 2 
Py =a ( Mo ee (2) 


Here 4 is a constant co-efficient and depends on the cell 
material. 


—~>Current (amp) 





——~ PV Voitage (V p) /Volt 
Fig. 3 V-I and P-V Characteristics of Solar Cell 


Fig. 3 also shows the power-voltage characteristic curve 
for a PV array. It can be noted that maximum power is 
available at a certain voltage Vp and current Imp only. So 
in order to obtain the maximum efficiency of PV cell, it is 
necessary to find automatically the voltage Vmp or current 
Imp at which a PV array should operate to obtain the 
maximum power output Pmp under a given temperature 
and irradiance. It 1s noted that under partial shading 
conditions, in some cases it is possible to have multiple 
local maxima, but overall there is still only one true 
maximum power point. 


TM. MAXIMUM POWER TRACKING 


To ensure that the array keeps on operating at the 
maximum power point, a perturb and observe method is 
used where at regular intervals (one every few seconds) the 
amount of current drawn is perturbed and the resulting 
power output is observed. If an increased current results in 
a higher power, it is further increased until power output 
begins to decline. On the other hand, if an increase in 
current results in less power than before, then the current is 
decreased until] the power output stops increasing and 
begins to go down. 


A Suitable dc/dc converter with a proper duty cycle can be 
introduced between the load and the solar PV module as 
shown in Fig. 1. The duty cycle, D, of the converter is 
changed till the peak power point is obtained. ` 
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Fig. 4 shows the flow chart of the algorithm for tracking 
maximum power. The algorithm reads the value of current 
and voltage from the solar PV module and power is 
calculated from those measured voltage and current. The 
value of voltage and power at kth mstant are stored. Then 
next values at (k+1) th instant are measured again and 
power is calculated from the measured values. The power 
and voltage at (k+1)th instant are subtracted with the 
values from kth instant. It has been observed from the 
power voltage curve of the solar PV module that in the 
right hand side curve where the voltage is almost constant 
the slope of power voltage 1s negative (dP/dV<0) where as 
in the left hand side the slope is positive.(dP/dV>0). The 
right side curve is for the lower duty cycle (nearer to zero) 
where as the left side curve is for the higher duty cycle 
(nearer to unity). Depending on the sign of dP =(P(k+]) - 
P(k)) and dV = (V(k+l) -V(k)) after subtraction the 
algorithm decides whether to increase the duty cycle or to 
reduce the duty cycle. 
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Fig 4 Pertub & Observe MPPT Algorithm 


IV. MATLAB SIMULATION 


SUMILINK software and its facilities has been used to 
model a resistive- load solar system with a P&O tracker as 
shown in Fig. 5(a). For the solar cell equivalent circuit, a 
block has been created called “PV source” which simulates 
the nonlinear V—/ characteristics of one PV panel 
employing the cell short circuit (isc) as a measure of 
insolation level as shown in Fig. 5(b). A delay function has 
been introduced to limit the fast current response of the 
“controlled voltage source” and to improve the 
convergence of solution. 


Fig. 6 shows the relationship between the output voltage 
and current of a PV panel in MATLAB environment with 
changing solar insolation and temperature. The short 
circuit current is influenced mostly by solar irradiation 
reaching the panel. Higher is irradiation higher is the 
current. The open-circuit voltage is affected with the 
temperature of the panel. Higher temperature results lower 
voltage. 
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(b) Subsystem PV source 


Fig. 5 Simulation Diagram 
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(b) With temperature variation 


Fig. 6. I-V characteristics of PV cell 


Fig. 7 shows the power vs. voltage (P-V) characteristics 
with temperature variation and solar insolation. As seen 
in the PV curve of the module there is a single maxima of 
Power. That is there exists a peak power corresponding to 
a particular voltage and current. Since the efficiency of the 
solar PV module is low about 13%, it is desirable to 
operate the module at the peak power point so that the 
maximum power can be delivered to the load. under 
varying temperature and insolation conditions. 





(a) with changing solar insolation 





(b) with temperature variation 


Fig 7 P-V characteristics 


Tracking performance has been demonstrated for 
different changes in solar insolation level. Fig. 8 and 9 
show the various plots for PV power, load power, and load 
voltage, when solar insolation level change from 800 
W/m2 to 1000 W/m2 at t = 0.5 s as shown in Fig. 8 and 
from 900 W/m2 to 800 W/m2 at t = 0.5 s as shown in Fig. 
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(c) Load Voltage 
Fig. 8 Simulation results when solar insolation level change from 
800 W/m2 to 1000 W/m2 
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(c) Load Voltage 


Fig.9 Simulation results when solar insolation level from 900 
W/m2 to 800 W/m2 att=0.538 


It can be seen from the curves that power tracked by 


MPPT is constant for a specified solar insolation. When 
the insolation is changed the power generated by PV cell 
also changes proportionally and remains constant. Thus, it 
shows the new maximum power point. The simulation 
results show the fast and effective tracking of the new 
maximum power point by P&O algorithm. 


VI. CONCLUSIONS 


Modeling of solar cell has been done using based on single 
diode model. Various characteristics of PV cell with 
changing atmospheric condition has been obtained and It is 
seen that: there exists a maximum point point, which 
changes with changing atmospheric condition. To track the 
maximum power point, Perturb & observe based MPPT 
algorithm has been implemented. Simulation results 
demonstrate the fast and effective response under changing 
atmospheric condition. 
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Abstract- A Photovoltaic cell has been modeled for small-scaled 
low power application where a boost converter with current 
compensation has been used to track maximum power point. 
The method samples the open circuit voltage of PV module to 
get the reference voltage including current compensation 
during one sampling period. It has been found that proposed 
MPPT technique with current compensation increases power 
transferred to the load approximately 6%. Since it doesn’t 
require digital signal processor (DSP), so its having the merits 


of both a cost efficiency and a simple control circuit design. | 


The validity of proposed MPPT technique is verified through 
simulation in MATLAB/SIMULINK. 


Keywords- Photovoltaic, open circuit voltage, maximum 
power point tracking (MPPT), DSP, Voltage factor 


I. INTRODUCTION 


HOTOVOLTAIC (PV) generation is becoming 

increasingly important as a renewable source since it 

offers many advantages such as incurring no fuel costs, 
not being polluting, requiring little maintenance, and 
emitting no noise, among others [1]. But these modules 
have relatively low conversion efficiency. Therefore, 
controlling maximum power point tracking (MPPT) for the 
solar array becomes essential in a PV system. The amount of 
power generated by a PV depends on the operating voltage 
of the array. A PV’s maximum power point (MPP) varies 
with solar insolation and temperature [2]. Its I-V and P-V 
characteristic curves specify a unique operating point at 
which maximum possible power is delivered. At the MPP, 
the PV operates at its highest efficiency. Many methods 
have been developed to determine MPPT. The electric 
power supplied by a photovoltaic power generation system 
depends on the solar radiation and temperature. Designing 
efficient PV systems heavily emphasizes to track the 
maximum power operating point. In fact, so many methods 
have been developed that it has become difficult to 
adequately determine which method, newly proposed or 
existing, is most appropriate for a given PV system. 


Some MPPT methods may require digital signal 
processor (DSP) and some systems may be without using 
DSP. MPPT systems based on DSP include the hill-climbing 
Methods [3] and the MPPT method using short circuit 
current of PV-module [4]. Between the hill-climbing 
methods, P&O method [5] tracks MPP of PV-module by 


repeatedly increasing or decreasing the output voltage at 
MPP of PV module. This method not only has relatively 
simple control algorithm but also tracks MPP of PV-module 
well. However, when atmospheric conditions are constant or 
slowly changed, P&O method is oscillated close to MPP. 
Especially, when those are rapidly changed, this method 
fails to track MPP. , 

The incremental conductance method developed to 
improve these problems of P&O method tracks MPP of PV- 
module by comparing incremental. conductance with 
instantaneous one. As.a result, under rapidly changing 
atmospheric conditions, this method tracks MPP very well, 
but the response speed of finding MPP is declined because 
the calculation time of DSP is increased by relatively 
complicated control algorithm. Although the MPPT methods 
based on DSP, above mentioned, are applicable to above 
IKW large scaled PV systems, to use DSP loses cost 
efficiency in small-scaled PV-applications. Therefore, the 
MPPT methods without using DSP in small-scaled PV- 
system have also been developed [6]. Among them, the 
MPPT method using open circuit voltage of PV-module 
uses the fact that the operating voltage at MPP of PV- 
module is near linearly proportional to open circuit voltage 
at MPP of PV-module [7]. This method has a cost efficiency 
as well as a very simple control circuit because it does not 
use the DSP. However, in this method, the reference voltage 
is not changed until the next sampling occurs. As a result, in 
this method the considerable error power occurs because the 
output voltage of PV module only follows the unchanged 
reference voltage during one sampling period. 


In this paper an improved MPP tracking method with 
current compensation has been proposed so that the output 
current of PV-module always follows the continuously 
changing reference current during one sampling period 
under changing atmospheric conditions. The validity of the 
proposed method is verified through simulation in 
MATLAB/SIMULINK. 


Tl. PV SYSTEM MODULE 


Fig. | shows the block diagram of a photovoltaic drive 
system. It consists of a power source, which is basically a 
solar cell array and a power conditioner unit (PCU) that may 
be a dc/dc converter (boost converter) which acts as an 
interface between the load and the module. It serves the 
purpose of transferring maximum power from the solar PV 
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module to the load. By changing the duty cycle the load 
impedance as seen by the source is varied and matched at 


the point of the peak power with the source so as to transfer 
the maximum power, 





Fig. | Block diagram of grid connected PV system 


Solar cells consist of a p-n junction fabricated in a thin 


wafer or layer of semiconductor. In the dark, the I-V output . 


characteristic of a solar cell has an exponential characteristic 
similar to that of a diode. 


When exposed to light, photons with energy greater than the 
band-gap energy of the semiconductor are absorbed and 
create an electron-hole pair. These carriers are swept apart 
under the influence of the internal electric fields of the p-n 
junction and create-a current proportional to the incident 
radiation. When the cell is short circuited, this current flows 
‘in the external circuit; when open circuited, this current is 
shunted internally by the intrinsic p-n junction diode. The 
characteristic of this diode therefore sets the open circuit 
voltage characteristics of the cell. 

Thus the simplest equivalent circuit of a solar cell is a 
current source in parallel with a diode [8]. The output of the 
current source is directly proportional to the light falling on 
the cell. The diode determines the I-V characteristics of the 
cell [9]. 

Re Isa 


—> 





Isc 7 , Vsa 


Fig. 2 Circuit diagram of PV model 


Using the equivalent circuit of. solar cells (Fig.!), the 
nonlinear V-I characteristics of M parallel strings with N 
series cells per string is given as, ` $ 


Isc -Ipy +Mlo \ | 
Ve th fot sae of aide eRe Tey (1) 
5 MIo m 


Where Isc is the short circuit current (representing 
insolation level ), /o is the reverse saturation current, Rg is 
the series resistance and A is a constant co-efficient and 
depends on the cell material. 


Figures 3, 4, 5 and 6 show the I-V and P-V characteristic 
curves of PV-module for different. value of irradiation and 
temperature, 








Fig 3: P-V chars for various insolation levels 


From Fig. 3, it can be seen that the output characteristics of 
PV-module are nonlinear and each curve only has one MPP. 
Additionally, the output current of PV module is mainly 
affected by irradiation variation, whereas the output voltage 
of PV-module is mainly affected by temperature variation. 
Therefore, to efficiently use PV module, in case the 
atmospheric conditions are varied, the MPP tracking of PV- 
module should be implemented. 


\ 
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Fig 6: I-V characteristics for different values of temperatures 
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HI MAXIMUM POWER POINT TRACKING 
a. Conventional Method 


Fig. 7 shows the conventional MPPT converter using open 
circuit voltage of PV-module in small-scaled PV-power 
system. This method uses the fact that the operating voltage 
at MPP of PV-module is nearly linear proportional to open 
circuit voltage (Voc) of PV-module. 


Vap = My xVpy. (2) 


The proportional! constant (My) generally lies in between 
0.68 - 0.8. The open circuit voltage is sampled and the 
reference voltage corresponding to MPP is calculated by 
(2). The reference voltage is kept constant by a hold circuit 
during one sampling period. This method achieves MPP 
tracking of PV module by giving the switching signal 
' acquired through voltage control loop to the switch of boost 
converter. : 


LOAD 
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Fig. 7 Coaventional MPPT converter based on open circuit voltage 


Though the method tracks the MPP well, but the 
reference voltage is not changed until the next sampling 
occurs. As a result, always there occurs the considerable 
~ error power because the output voltage of PV module only 
follows the unchanged reference voltage during one 
sampling period. 


b. Proposed MPP tracking with current compensation 


Fig. 8 shows the block diagram of the proposed MPP 
tracking system. 


Loan 
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Fig.8 Proposed technique with current compensation 


To determine the operating point corresponding to 
maximum power for different insolation levels, (1) is used 
to compute the partial derivative of power. At the point of 
maximum power, it is zero. 


In order to improve the tracking performance, the 
proposed method includes the current compensation so that 
current control loops continuously helps in reducing the 
error during the sampling period of Voc. The sampler 
samples the open circuit voltage of the PV module. The 
sampling time is 100us.The sampled voltage multiplied with 
voltage factor (Mv) is kept in hold circuit as a reference 
voltage for the voltage control loop during the sampling 
period. The output of voltage control loop produces 
reference signal for current contro! loop continuously during 
one sampling period. As a result, the proposed tracking 
method has less power error in tracking as compared to 
conventional method of tracking using open circuit voltage 
of PV module without compensation. So, the utilization 
efficiency of PV module increases. 


IV. SIMULATION 


To verify the validity of the proposed MPP tracking 
method, which is mostly suitable for small-scaled PV 
systems, and to compare the proposed method with the 
conventional method, the simulations were implemented 
under same conditions in MATLAB/SIMULINK. 


For the solar cell equivalent circuit, a block “PV source” 
has been created as shown in Fig. 9, which simulates the 
nonlinear V-I characteristics of a 30 W solar panel, 
employing the short circuit current as a measure of 
insolation level. A delay function has been introduced to 
limit the fast response of the “controlled voltage source” and 
to improve the convergence of the solution. 
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Fig.9 PV Source 
To represent the changing environment conditions Isc is 
varied as shown in Fig. 10. 
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Fig. 10 Isc variation to represent variation in solar intensity 


Fig. 11 and Fig. 12 shows the waveforms of the ideal and 
the tracked output power of the conventional and the 
proposed MPP tracking method, respectively. 
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Fig.12 Tracked power with current compensation 
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It can be scen from Fig 11 and Fig 12 that in the proposed 
method with current compensation the tracked power 
increases by more than 6%. 


V. CONCLUSION 


A maximum power point tracking technique based on 
open circuit voltage of PV module with current 
compensation was presented in this paper. 


The concept of proposed technique was explained and 
simulation was performed in MATLAB/SIMULINK. The 
proposed MPPT tracking method increases output power 
more than 6% as compared to the conventional method. So, 
the utilization efficiency of the PV module will be 
increased. This method has the merits such as simple 
control circuit and doesn’t require DSP leading to cost 
advantage. Therefore, this method is suitable for low power, 
low cost Photovoltaic applications. 
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Abstract:- In this era of technological advancements particularly in 
the field of wireless multimedia communications, embedded 
controller, etc. a centralized control system is now being demanded 
from each and every corner of our civilization. Apart from a single 
end user like a person, industries are also in demand for a 
centralized control system. 
The centralized monitor and control systems of electrical power 
systems can also be improved with the adoption of the latest 
multimedia wireless and embedded technology. This motivates the 
authors to take such a work of ‘An Approach for Attribute Data 
Measurement from a Network of Electrical Equipments as an 
Application of GIS’. ' 

In this paper, the measurement and continuons monitoring 
technique of voltage and current of different electrical equipments 
placed at different locations in an area are presented. 


Key words- Asynchronous Serial Communication, Network, RS-232 
Standard, RS-485 Standard. 


LINTRODUCTION 


CADA is an acronym that stands for Supervisory Control 

and Data Acquisition.. SCADA refers to a system that 
collects data from various sensors at a factory , plant or in other 
remote control locations and then sends this dta to a central 
~ computer which then sends this data to a central computer which 
then manages and controls the data [1]. 

Geographic Information System (GIS) is a powerful analytical 
tool used for capturing, storing, analyzing and managing data 
and associated attributes, which are spatially referenced to the 
earth. The power of GIS comes from the ability to relate 
different information in a spatial context and to reach a 
conclusion about this relationship. Different kinds of data in map 
form can be entered into GIS. A GIS can also convert existing 
digital information, which may not be in map form, into forms it 
can recognize and use [2]. 

Fundamentally, SCADA systems are designed with a 
purposely-sized database, very high-speed data event 
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processing, high reliability and rather simple graphical display 
functionality. The data volume associated with GIS systems is 
substantially higher than that of typical SCADA systems and 
the spatial data display requirements are considerably 
different to the rather basic single line diagrams SCADA 
systems are designed to display. Still today, SCADA systems 
struggle to provide a powerful and responsive geographical 
data display environment [3-4]. Whereas, GIS data represents 
real world object. Additional nomspatial data can also be 
stored besides the spatial data. For example, the position of 
any equipment at a substation is a spatial data for GIS, but the 
type of parameter like voltage, current, power-factor, 
temperature, speed etc are the additional information and can 
be treated as non-spatial attribute data. This paper proposes to 
measure different parameters from different equipments and 
to display them as an approach for GIS related non-spatial 
data. 


IL. DATA COMMUNICATIONS 


The capturing of data is done by using 8-bit 
microcontroller based card and these data are fed to a PC. 
Asynchronous serial communication between PC and card is 
established by using a transmitter, a receiver and a wire. It is 
the simplest of serial communication protocols, and the least 
expensive to implement. As the name implies, asynchronous 
communication is performed between two (or more) devices, 
which operate on independent clocks [5]. In this paper, full 
duplex transmission has been established between the master 
node (PC) and the slave nodes (cards). Asynchronous serial 
data communication is widely used for character-oriented 
transmission, while block-oriented data transfers use the 
synchronous method. In the asynchronous method, each 
character is placed in between start and stop bits. This is 
called framing. The start bit is always one bit but the stop bit 
can be one or two bits. The start bit is always a 0 (low) and 
the stop bit(s) is 1 (high).When there is no transfer, the signal 
is 1 (high) is known as mark. The 0 (low) is referred to as 
space[6]. Serial communication requires following four 
parameters[7]: 

(i) the baud rate of the transmission 
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(ii) the number of data bits encoding a character 
(iti) the sense of the optional parity bit 
(iv) the number of stop bits 

Here the baud rate is set to 9600 bps and a total of 10 bits 
per character. Therefore, the duration of the start bit and each 
subsequent bit is about 0.104 ms. The entire character frame 
of ten bits would be transmitted in about 1.04 ms. So, the 
transmission rate is 9600/10 = 960 character per second. 

Network is required to provide co-ordination between 
processes running on different nodes and also to 
accommodate remote I/O devices [8]. For a network, topology 
refers to a physical link or connection between different 
network elements. For a microcontroller network, the 
topologies having more reliable operation are daisy chain and 
common bus [9]. In this paper common bus topology is 
adopted because of its simplicity and cost effectiveness. In 
polling type of protocol, a centrally assigned master 
periodically polls (by sending a polling message) the slave 
nodes, giving them explicit permission to transmit on the 
network [10]. Here the assigned master is the PC that sends 
message to the slave nodes i.e cards. 

The communication between nodes is made by using RS- 
485 standard of serial communication that specifies full- 
duplex, bi-directional data transfer. It is the only EIA standard 
that allows communication between multiple drivers and 
receivers in bus configuration. The standard has the advantage 
that it can treat the node as any device, which has 
asynchronous serial communication capabilities [9-12]. The 
data that travel by RS-485 network do it.in form of 
differential electrical signals. The differential system 
transmits their data like a signal of voltage through a pair of 
conductors. 

RS-232 standard is also used to link up the signals leaving 
or entering the PC port with the signals entering or leaving the 
nodes. The RS-232 standard specifies that the voltage on the 
wire for sending a logic 0 are from +5V to +15V and the 
voltage for sending a | are from -5V to -15V [13,14]. 


III. FABRICATION OF CIRCUITS 


A network can be formed by a number of equipments but 
the observer should identify each every equipment. To make 
them distinct each of them must have a unique address along 
with a tag number. The tag number will use by the user and 
the address will require during communications. For example, 
Machine | (tag number) can have address of 0000H. 

To start the procedure, first, the user has to specify the 
electrical equipment number that he/she wants to monitor and 
then the type of parameter(s) (voltage/current/both) through 
PC. This instruction is sent to each card serially. An 
arrangement of the cards in the network is shown in Fig 1. All 
of the information passes through card 1 because along with 
measuring parameters it is also forming the transmit (Tx Bus) 
and receive buses (Rx Bus) to allow data transfer. The circuit 
diagram of the whole experimental setup is shown in Fig 2. 

When user asks for a certain parameter of a particular 
machine, the information is sent from the serial port of PC 
towards the bus. At the exit of serial port the signals are at 
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RS-232 standard. RS-232 signal is represented by voltage 
with respect to system common. It will send logic 0 for 
voltage between +5 V to +15 V and a logic | for voltage 
between -5 V to -ISV on wire. 

Most microcontrollers run on a single supply voltage of +5 
V. In rough terms, logical I on these devices indicates that 
+5V is the voltage on the output pin. Logical 0 specifies that 
OV is on the line. So, to connect a microcontroller serial port 
to a true RS-232 device, one need to convert the TTL voltages 
OV and +5V into voltages about -10V and +10V [12]. 

Therefore, a RS-232 to TTL level converter is implemented 
at card 1.The voltages output of the converter are used to 
generate the RS-232 compliant signals [12]. It can also 
convert the RS-232 level signals from serial port of PC to 
TTL output levels. The RS-232 specification allows data 
transmission among only one transmitter and receiver. 
Therefore, a RS-485 network is established which allows 
multiple receivers and drivers in bus configuration. In this 
system all the elements that confirm it have the capacity to 
transmit; nevertheless a single one can do it simultaneously. 
Here centrally assigned master periodically polls (by sending 
a polling message) the slave nodes, giving them explicit 
permission to transmit on the network. 

That called node by the user measure the asked parameter 
and fed it to microcontroller through ADC. From 
microcontroller information is sent to bus. As the bus is 
working at differential voltage level therefore two transceivers 
are implemented, one is acting as transmitter and another is 
acting as receiver. The transmitter is converting the 
information from TTL voltage level (coming from 
microcontroller) to RS-485 standard and sending it to bus. 
The receiver is doing the vice-versa. From the bus the PC 
retrieves the information through card 1, which forms 
interconnection between PC and the bus. In this way card | is 
serving the dual purpose. Card 2 and Card 3 have equal 
ranking and they are identical in configuration. They are only 
measuring electrical parameters. Continuous data is displayed 
at PC end and can be stored also. Front-end is designed with 
Visual Basic 6.0 language. Here forms are created using drag 
and drop techniques. A tool is used to place controls (e.g., text 
boxes, buttons, etc.) on the form (window). Controls have 
attributes and event handlers associated with them. 

High level language Visual Basics 6.0 is used for 
developing the PC based acquisition software applicable to 
the GIS format. Universal Microprocessor Programming and 
Simulation (UMPS) software is used for assembly language 
programming for microcontroller 8051 firmware. The steps 
of the algorithm of the whole process formulated are given 
below: 

1. Initialization of Serial Port. 

2. Choose Machine Number (M/C lor M/C 2 or M/C 3). 

3. Choose Machine Parameter (Voltage and/or Current, 
Temperature etc.) 

4. Instruction to Start the Specified Data Acquisition. 

5. Data Collection and Display. 

6.Save the Data as per the GIS Format 
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7. For Other Machine Number and/or Machine Parameter 


Go to Step 2. t 
8. Instruction to Stop Data Acquisition. 
9. Exit. 
IV. CIRCUIT DIAGRAM 
jp al 
Cond 1 





cero 
l 


J 





Grount Bar e 
Fig. 1 Arrangements of Interconnected Cards 





Fig 4. Voltage and Current Data of Machine 1 


The measured values of the parameters are accurate up to 
99%. The deviation is due to the presence of ripples of the 
power supply for which the ADC produces some error in its 
conversion. Introducing proper filtering in the power supply 
can eliminate this. 


VI. CONCLUSION 


This paper introduces the technique to measure and 
monitor continuously the data of different equipments situated 
at different locations in an area. Three microcontroller based 
measuring cards, each responsible for one equipment, have 
been placed into a network. From the whole setup, required 
parameters can-be monitored continuously, and can be stored 
for future analysis. Last stored value in the buffer of previous 
data acquisition is being sent as the first value. It can be 
resolved by refreshing the buffer through firmware 
programming at the instant of data acquisition. The 
methodology proposed in this paper is suitable for measuring 
the parameters like voltage, current, temperature, speed, 
power-factor etc. Some suitable techniques should also be 
. introduced to establish wireless communications between 





Fig. 2 Experimental Setup of Interconnected Cards 


V.RESULT ANALYSIS 


The following figure shows the voltage data for ‘machine 
number 2. The next figure shows measured voltage and 
current for machine number 1. 
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measuring cards. The system can be upgraded to control the 
parameters along with its monitoring facility so that a 
centralized GIS based electrical monitoring and control can be 
developed. 
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